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ABSTRACT 
 
Understanding oocyte maturation and embryo development in the pig is essential to 
improving farm animal reproduction efficiency.  Many reproductive tissues are associated 
with a high degree of transcriptional and translational turnover that may be in part regulated 
by non-coding RNA such as microRNA (miRNA).  The oocyte consists of a storage of 
maternal RNA and nutrients that are utilized to support oocyte maturation and early embryo 
development.  MiRNA have been identified in the oocyte and throughout early embryo 
development in many species including the pig.  MiRNA exert their biological impact on the 
cell through post transcriptional gene regulation (PTGR) by interacting with the 3' UTR of a 
specific target mRNA.  MiRNA expression during oocyte maturation and embryo 
development up to the 4-cell stage is potentially critical as little to no transcription occurs in 
the oocyte following germinal vesicle breakdown until the activation of the embryonic 
genome.  Our objectives were to 1) determine the importance of MIR21 expression and 
function during oocyte maturation, 2) develop and test an in vitro heat stress (HS) model for 
pig oocyte maturation and test the effects of HS on MIR21 expression, and 3) characterize 
the expression of miRNA during rapid trophoblastic elongation in the pig. Our data 
demonstrate that expression of mature MIR21 is increased approximately 4-fold (P = 0.001) 
in MII oocytes compared to GV stage oocytes.  Additionally when MIR21 is inhibited during 
in vitro maturation, maturation rates are decreased from 55.4 ± 3.6% in control to 33.7 ± 
3.6% in MIR21 inhibited.  Following in vitro fertilization, MIR21 inhibited oocytes produced 
fewer 4-cell stage embryos (41.7 ± 12.1%) compared to the control group (73.0 ± 5.7%).  
While no decrease (P = 0.34) in PDCD4 mRNA (a MIR21 target) was observed, inhibition of 
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MIR21 resulted in increased (P < 0.05) PDCD4 protein expression in MII oocytes compared 
to control MII arrested oocytes.  Heat stress during oocyte maturation caused alterations in 
both MIR21 and PDCD4 expression in MII oocytes and in 4-cell embryos created from 
oocytes matured during HS.  In addition, other markers of HS, such as heat shock protein 
90A (HSP90A), were also affected in 4-cell stage embryos created from HS oocytes.  Our 
data demonstrated that HS during oocyte maturation caused a significant decrease in MIR21 
in 4-cell stage embryos cultured in thermal neutral conditions which was associated with a 
significant increase in PDCD4 mRNA in the same group of embryos compared to 4-cell 
stage embryos created from oocytes matured in TN conditions.  
 Elongating pig conceptus were collected from pregnant pigs on Day 12 of gestation 
(spherical and elongated) and on Day 14 (elongated; n =4 for each morphological stage).  
Small RNA libraries were created and subjected to massively parallel deep sequencing using 
the ABI SOLiD sequencing platform.   Total miRNA reads for each stage of development 
were 7,319K, 13,831K, and 30,618K for spherical (D12S), day 12 filamentous (D12F) and 
day 14 filamentous (D14F), respectively.  Several miRNA were selected for validation 
including MIR21, MIR301a, MIR23b, MIR10a, MIR200a, MIR574, MIR4057, and 
MIR467a.  Many of these selected miRNA demonstrated significant fold changes between 
two or more conceptus stages and were validated within individual samples at each stage by 
RT-PCR. This confirmed that miRNA are temporally regulated during embryo elongation 
and potentially play a role in regulating cell differentiation, migration and transformation of 
the porcine conceptus. 
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CHAPTER 1 
INTRODUCTION 
 
Understanding early embryo development is essential to improve farm animal 
agriculture by increasing reproductive efficiency.  Understanding the molecular and genetic 
mechanisms of early embryo development may also be useful for improving assisted 
reproduction technologies, such as somatic cell nuclear transfer and in vitro fertilization.  
Early embryo development is a unique period in development with the absence of RNA 
synthesis after germinal vesicle breakdown preceding a period of significant transcription at 
the 4-cell stage in the pig (Aiba et al., 2006). Transcriptional profiling of early pig 
development from germinal vesicle to 4-cell and blastocyst stage demonstrated a dynamic 
regulation of mRNA abundance during early embryo development (Whitworth et al., 2005b).  
The oocyte consists of a storage of maternal RNA and nutrients that are utilized to support 
oocyte development and contribute to embryogenesis prior to the activation of the embryonic 
genome, when the genetically unique embryo is capable of its own transcription.  Complete 
oocyte maturation and progression through Metaphase II (MII) of meiosis may be dependent 
upon post-transcriptional regulation of existing mRNA.  Additional regulation may also 
occur and through interactions with the surrounding cumulus cells (Gilchrist et al., 2004).  
MicroRNA (miRNA) are potent regulators of post-transcriptional gene regulation (PTGR) of 
mRNA and are expressed during oocyte maturation and early embryonic development in the 
pig.  A better understanding of microRNA regulation of oocyte maturation and early 
embryonic development could lead to new knowledge that can be used to develop strategies 
to improve reproductive efficiency in pigs.  
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The following review focuses on oocyte maturation and early embryo development in 
the pig and discusses the potential for microRNA to contribute to the quality and viability of 
an oocyte and its ability to develop into an embryo and produce viable, quality offspring.  
Understanding the role of microRNA in the oocyte and developing conceptus is important for 
developing improvements in reproductive physiology both in vivo and in vitro. 
  
3 
 
CHAPTER II 
LITERATURE REVIEW 
Utilization of pigs in agriculture 
 The United States (US) pig breeders produce an average litter size of 10.2 piglets 
with a total of 28.8 million piglets per year (USDA, 2011).  China is the world largest pork 
producer followed by the US.  In 2010, 19% of US pork was exported; largely to Japan 
(30%), Mexico (25%) and Canada (10%) (Geisler, 2011).  The US also imports 860 million 
pounds of pork, primarily (81%) from Canada (Geisler, 2011).  Pork is one of the most 
widely consumed animal products in the world and demand has increased steadily over the 
past 3 decades (USDA-FAS, 2011).  To adequately provide for increasing pork demand, 
production efficiency improvement will be necessary.  The method of housing pigs has been 
a controversial topic in recent years as confinement hog operations struggle to produce more 
pigs at a faster pace with less space and stricter regulations (Swanson, 1995).  Sow 
productive lifetime is a product of litter size, number of parities produced and the number of 
non-productive days.  Improvements in sow productive lifetime can be made by providing 
new knowledge that can be applied to improve reproductive efficiency. 
 
Utilization of pigs for biomedical research 
 The pig is a valuable biomedical model for studying human physiology and disease 
because of its anatomic and physiological similarities to the human.  The size and 
composition of the porcine genome is similar to the human genome allowing the pig to also 
serve as a model for human genetic research (Bendixen et al., 2010).  Miniature breeds of pig 
such as Yucatan, Hanford and Gottingen have been utilized in cases which the domestic 
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agricultural pig would be too large at maturity (Vodicka et al., 2005).  Pigs and humans have 
similar cardiovascular, digestive and urinary systems.   Additionally, the heart, liver, 
pancreas and kidney have long been considered ideal for xenographic procedures in place of 
human organs (Bustad and McClellan, 1966).  
The physiological similarities between pigs and humans have led to the development 
of genetically modified pigs which mimic human disease.  Transgenic pigs can be produced 
by somatic cell nuclear transfer (SCNT) introducing a modified donor cell into an enucleated 
oocyte (Niemann and Wrenzycki, 2000; Park et al., 2001; Prather et al., 2004).  Somatic cell 
nuclear transfer is the most widely used technique for producing transgenic pigs but only has 
about a 1% success rate (Lai and Prather, 2003).  Other methods for obtaining genetically 
modified pigs have been developed including oocyte transduction via  viral transgene 
delivery   (Cabot et al., 2001; Hofmann et al., 2003) and sperm mediated DNA transfer 
relying on the sperm’s ability to carry exogenous DNA into the pending zygote during 
fertilization (Lavitrano et al., 2005). Transgenic pigs derived from SCNT are valuable 
biomedical and agricultural models. As of 2011, 68 different genetic modifications in pigs 
have been successfully created for use in biomedical research and agriculture (Whyte and 
Prather, 2011). 
 Pregnancy in the pig differs from the human in several aspects however the 
development of the embryo is similar enough to that of the human that pigs have become a 
reliable model for mammalian embryology (Patten and Carlson, 1981).  Fetal and neonatal 
pigs can be used for human perinatal research including embryology, immunology, 
metabolism and nutrition.  The length of gestation for a pig (16.5 weeks) is less than half that 
of a human (40 weeks).  Attachment and implantation also occur several days later in the pig 
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at day 14 compared to the human fetus which implants on day 6 after ovulation (Bazer et al., 
1993; Finn and Martin, 1974).  The placentation for a pig is classified as diffuse and 
epithelialchorial while the human has discoid and hemochorial placenta (Borazjani et al., 
2011; Keys and King, 1990).  Despite these differences in gestation and placentation, the 
fetal pig is more similar to the human fetus than many other mammals.  The similarities in 
development between the pig and human fetus allow for fetal development research which 
can aid in the diagnosis and treatment of human development disorders (Butler et al., 2009; 
Welsh et al., 2009; Whyte and Prather, 2011).   
The rapid growth of neonatal piglets makes them an ideal candidate for nutritional 
studies.  Nutrient deficiencies from protein to iron have been evaluated in the growing piglet 
and neonate (Tumbleson et al., 1969; Wintrobe et al., 1953).  Piglets have been used to 
evaluate infant formulas and milk substitutes because the piglet has stricter nutrient 
requirements than a human infant (Pond et al., 1971).  The fetal pig has no circulating 
immunoglobulins prior to birth  and remains hypogammaglobulinemic  for several weeks, 
making the piglet an ideal subject to study the developing immune system (Butler et al., 
2009).  Although the pig is an excellent model to use for biomedical research, housing and 
other costs have limited the use of pigs at many research facilities. 
 
Estrous cycle 
Establishing pregnancy in swine begins with ovulation followed by fertilization of 
oocytes in a female during a period of sexual receptivity known as estrus.  Estrus, or standing 
heat, is an approximately 24 to 72 hr period at the beginning of the estrous cycle.  The 
estrous cycle is a hormonal process in which follicles are recruited for ovulation to provide 
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viable oocytes for fertilization and induce the uterus to prepare for fetal implantation.  The 
porcine estrous cycle is 21 days in length and is precisely regulated by the steroid hormones 
estrogen and progesterone (P4) (Figure 2.1).  The estrous cycle can be divided into four 
stages: estrus (day 0-2), metestrus (day 2-4), diestrus (day 5-16) and proestrus (day 17-19) 
(Senger, 1997).  During prophase tertiary follicles that have avoided follicular atresia 
continue responding to gonadotropins (luteinizing hormone (LH) and follicle stimulating 
hormone (FSH)) as they mature in to Graffian follicles and begin increasing production of 
estradiol-17β.  The elevated estrogen concentration induces estrus behavior in the gilt or sow 
causing her to “stand” and be receptive to the boar during the estrus phase (Hemsworth, 
1985).  The sow will ovulate about 55% of the way through the estrus phase (Soede et al., 
2000).  If fertilization is successful and two or more embryos signal their presence in each 
uterine horn the gilt/sow will establish a pregnancy (Christenson and Day, 1971).  Metestrus 
occurs after ovulation with the formation of corpus hemorrhagicum (“bloody body”) located 
at the site of previous ovulated follicles.  Estrogen concentrations decrease substantially 
following ovulation and the luteinization of both theca and granulosa cells results in 
progesterone synthesis by the developing corpora lutea (CL).  
The diestrus period is dominated by the development and function of the CL which 
produce progesterone resulting in uterine quiescence (Christenson and Day, 1971; Knight et 
al., 1977).  During the diestrus phase the uterus is preparing to accept embryos by producing 
and secreting histotroph (uterine milk) and the blood supply to the uterine endometrium 
increases.  Progesterone concentration is highest during this phase of the cycle (Bazer et al., 
1979).   
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Figure 2.1. Diagram of the 21 day estrous cycle of the pig. The estrous cycle begins with 
estrus and ovulation. Following fertilization, embryos continue to develop into blastocyst by 
d 6.  The hatched blastocyst enters the uterus and begins migrating throughout the uterine 
horns until rapid trophoblastic elongation of the conceptus.  The conceptuses rapidly elongate 
at d 12 and attach to the uterine endometrium at d 14.  The top half of the diagram depicts the 
hormonal regulation of the estrous cycle beginning with estrogen production by the Graffin 
follicles.  Progesterone is produced by the CL until prostoglandin F2α producition by the 
uterine endometrium causes lysis of the CL if pregnancy is not established.  The green circle 
marks the critcal period of conceptus elongation and production of estrogen by the conceptus 
to signal maternal recognition.  The red arrow represents successful pregnancy with 
attachment at day 14, maintainence of the CL and a 115 d gestation. 
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Figure 2.1.   
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The presence of viable embryos at days 12-18 of gestation that are capable of 
synthesizing and releasing the maternal recognition of pregnancy signal (estrogen) results in 
the maintenance of the CL and progesterone production persists throughout gestation.  The 
absence of viable embryos during the implantation window allows the endometrium to 
release the luteolytic agent, prostaglandin F2α.   Prostaglandin F2α is synthesized by the 
uterus and when released in an endocrine fashion, results in regression of the CL and 
subsequent decline in circulating P4 (Bazer et al., 1979).  The loss in circulating P4 results in 
the loss of P4 negative feedback that allows pulsatile secretion of gonadotropin releasing 
hormone (GnRH). GnRH induces the release of LH and FSH from the anterior pituitary 
which facilitates follicle recruitment during proestrus with the selection and growth of a 
group of tertiary follicles (Knox, 2005). 
 
Estrus synchronization 
Synchronizing estrus in gilts and sows is essential to maximize resources and 
optimize reproductive performance.  Synchronizing estrus and breeding enables pig 
producers to rotate gestating sows through gestation facilities and optimize barn space while 
benefiting from the advantages of artificial insemination (AI) by narrowing the breeding 
window and increasing the number of sows that will be bred at one time.  Timed AI can also 
be utilized to increases the chance for fertilization and reduces the labor of visual estrus 
detection (Horsley et al., 2005).  In addition a single semen collection can be used to breed 
multiple sows.  This saves the producer both labor and shipping costs adding to profit and 
maximum production.  There are various methods for synchronizing gilts and sows based on 
production needs and cost.  Natural estrus will generally begin 7 days after weaning in most  
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sows with adequate energy intake (Reese et al., 1982).  Synthetic hormones such as 
MATRIX®, a synthetic progestogen added to feed, are used to control onset of estrus by 
preventing follicle formation (Flowers, 1999).  Feeding MATRIX® for approximately 14 
days typically results in the sow/gilt exhibiting estrus approximately 5-9 days following 
withdrawal (Flowers, 1999).  This allows the producer to breed sows in groups, or select 
specific dates for farrowing.   
 
Follicular growth and recruitment 
The ovary contains primordial follicles until puberty when follicles are recruited to 
secondary and tertiary stages for ovulation at which time the oocytes continue toward 
maturation or undergo apoptosis.  Secondary follicles contain a growing oocyte surrounded 
by up to 20 layers of granulosa cells (Christenson et al., 1985).  The tertiary or antral follicle 
is visible on the surface of the ovary and contains a fluid filled antrum.  Tertiary follicles 
with a fluid filled antrum, require approximately 83 days to form in the pig ovary and contain 
an oocyte surrounded by 10-30 layers of granulosa cells (Morbeck et al., 1992).  The follicle 
is then selected for ovulation and will continue to grow for an additional 5-7 weeks until 
ovulation (Morbeck et al., 1992).  Follicles can undergo atresia at any time during 
recruitment or selection. 
Follicle growth occurs independently of gonadotropins until antrum formation, at 
which point recruitment can occur and a pool of primordial follicles are activated (Knox, 
2005).  Follicular response to gonadotropins contributes to selection and ovulation rate 
(Evans et al., 1981).  In gilts, visible surface follicles are small (> 3mm), medium (3-7mm) or 
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large (> 7mm).  Early tertiary follicles contain a fluid filled antrum which divides the 
granulosa cells into two groups: those closest to the oocyte are the cumulus cells and mural 
granulosa cells form the outer layers.  At onset of estrus approximately 15 follicles are small 
to medium and about 15 follicles are large.  By day 3 there will be approximately 30 small, 5 
medium and no large.  During the remainder of luteal phase, the pool of follicles increases 
and peaks at day 11-13 with approximately 50 small, and 30 medium with no large follicles 
present (Knox, 2005). By the start of the follicular phase the number of small and medium 
follicles rapidly decline while a pool of medium follicles is selected for ovulation.  The size 
of the large follicles at estrus is heterogeneous but their number is reflective of the 
subsequent number of CL found following ovulation.  Follicles do not ovulate 
simultaneously; however all follicles on both ovaries ovulate within a short time frame 
(Pope, 1988).  Atresia and ovulation are the only fates for a follicle once it enters the growing 
pool.  
 
The Oocyte 
Female gametes originate from cells within the ovary called the oogonium. Meiotic 
cell division produces germ cells (oogonia and spermatogonia) by reducing the amount of 
genetic material by forming haploid cells following two rounds of cell divisions after only a 
single duplication of the chromosomes.  Each round of meiosis is divided into four stages: 
prophase, metaphase, anaphase, and telophase.  Prophase I involves the duplicated chromatin 
condensing with each chromosome composed of two closely associated sister chromatids.  
Crossing over, an event where genetic information is exchanged between chromosomes, 
occurs during the latter part of prophase I (Jordan, 2006).  Homologous chromosomes align 
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to form tetrads and the distal portion of sister chromatids exchange segments in a process 
called gene recombination.  During metaphase the condensed and highly coiled 
chromosomes align in the middle of the cell.  Anaphase occurs when the chromosomes are 
separated and located at each pole of the cell (Maiato and Lince-Faria, 2010).  Once the 
chromosomes are at each pole a nuclear envelope develops around each set of chromosomes 
and the cell is at telophase.  The oocyte containing the newly remodeled chromosomes is 
then arrested at growth phase 2. The germinal vesicle (GV) oocyte remains arrested until 
resumption of meiosis at ovulation.   
The oocyte consists of a maternal haploid chromosome, a storage of RNAs and 
nutrients that must be utilized to support oocyte development.  The number of oocytes is 
established in utero with approximately 2 x 10
5
 primordial follicles in the pig (Gosden and 
Telfer, 1987).  Despite the extremely large number of primordial follicles few will develop to 
maturity as the vast majority will undergo apoptosis.  A select few primordial follicles are 
recruited from the primordial pool during each cycle.  Primary oocyte recruitment is not well 
understood although oocyte-cumulus cell communication is required for oocyte activation 
and maturation (Gilchrist et al., 2004).  Bone morphogenetic protein 15 (BMP15) and growth 
differentiation factor 9 (GDF9) are proteins secreted by the oocyte into the ovarian follicle 
during follicular development (Paulini and Melo, 2011). BMP15 and GDF9 contribute to all 
stages of follicular development including activation of the primordial follicles (Galloway et 
al., 2000; Juengel et al., 2004; Orisaka et al., 2009).  Additionally, GDF9 and BMP15 are 
also involved in oocyte maturation via cumulus cell expansion (Dragovic et al., 2005). 
BMP15 and GDF9 are important in regulating oocyte maturation by communicating with the 
follicular environment.  The communication between the oocyte and the follicular 
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environment is important for regulating hormonal and molecular signaling during oocyte 
maturation (Hawkins and Matzuk, 2010).  
 
Metaphase II arrest 
 Meiotic cell cycle begins during fetal development and primordial follicles are 
arrested at prophase I at the time of birth in most mammals (Mehlmann, 2005).  The oocyte 
will remain arrested in prophase I for weeks or years depending on species, until the female 
reaches puberty.  The oocyte is capable of generating sufficient amounts of cAMP to 
maintain meiotic arrest until recruitment or apoptosis (Vaccari et al., 2008).  The trigger that 
releases the oocyte from prophase I and selects that follicle for ovulation is independent of 
follicular recruitment and not well understood.  Maturation promoting factor and mitogen-
activated protein kinase (MAPK) regulate the cell cycle progression in the oocyte (Fan and 
Sun, 2004).  MOS, a germ cell specific Ser/Thr protein kinase, initiates the MAPK 
phosphorylation cascade during oocyte maturation (Gebauer and Richter, 1997).  
MOS/MAPK activity in the oocyte in conjunction with endocrine signaling in the follicle are 
essential for reactivating the dormant oocyte.  Preovulatory release of the gonadotropin LH 
from the pituitary induces the release of epidermal growth factor (EGF) from the granulosa 
cells that trigger the oocyte to resume maturation (Ashkenazi et al., 2005; Park et al., 2004).  
During maturation the oocyte undergoes germinal vesicle breakdown (GVBD), meiosis I and 
the initial phase of meiosis II.  Germinal vesicle breakdown has been well characterized in 
Xenopus, starfish and mouse oocytes because the nucleus is clearly visible.  Fluorescent 70 
kDa, a fluorescent indicator which does not penetrate the nucleus of an immature oocyte, was 
injected into the cytoplasm of starfish oocytes in order to pin point the time and disassembly 
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of the nuclear envelop when the dye invaded the nuclear region (Terasaki, 1994; Terasaki et 
al., 2001).  The breakdown of the nuclear envelope occurs during GVBD, which is an 
indication that the oocyte is committed to maturation. 
 
Germinal vesicle breakdown 
Germinal vesicle breakdown signifies oocyte commitment to maturation and precedes 
ovulation at which time the oocyte progresses to Metaphase II (Guthrie and Garrett, 2000; 
Xie et al., 1990).  Transcription ceases after GVBD and will not resume in the pig until the 
embryonic genome is activated at the 4-cell stage.  Germinal vesicle breakdown has been 
described as having 5 stages (GVO to GV4) based on chromatin condensation visualized 
with Hoechst staining (Guthrie and Garrett, 2000; Sun et al., 2004).   During, GV0 chromatin 
is diffuse and filamentous throughout the nucleus while GV1- 3 stages are characterized by 
condensed chromatin which gradually forms clumps within the nucleolus as maturation 
progresses. Lastly, GV4 stage oocytes have condensed chromatin and no nuclear membrane 
is visible (Sun et al., 2004).  The stage of development is variable within follicles of the same 
size and may be related to an oocyte’s ability to complete maturation or become atretic 
(Guthrie and Garrett, 2000).  The stage of GVBD is related to the concentrations of estradiol 
and P4 present in the follicle and the day of the follicular phase, GVBD is completed in the 
maturing oocyte after the LH surge (Guthrie and Garrett, 2000).  Once an oocyte is ovulated 
it will travel down the oviduct and continue maturation until reaching the ampullary-isthmic 
junction (AIJ) where it arrests at Metaphase II until fertilization and activation of the oocyte. 
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In vitro vs. in vivo maturation 
Porcine oocytes are generally collected for in vitro maturation from 2-6 mm follicles 
which are clear of blood spots or white matter, a sign of follicular atresia.  The cumulus 
oocyte complex (COC) is then isolated from the follicular fluid and debris, washed several 
times and placed in maturation media at 39˚C with 5% CO2 for 42-44 hrs (Lai and Prather, 
2003).  Maturation media is supplemented with gonadotropin hormones LH and FSH; in 
addition, EGF is added and a final pH of 7.4 and osmolality of 290 mOsm/L is acquired to 
simulate the follicular environment. The COC contains an oocyte with an intact germinal 
vesicle at the time of collection and will typically mature to MII within 42 hrs.  The MII 
oocyte is surrounded by a mass of expanded cumulus cells.  The oocyte is stripped of 
cumulus cells at 42 hrs and mature oocytes can be identified by the presence of a protruded 
polar body.  MII arrested oocytes can then be parthenogenetically activated or fertilized to 
achieve embryonic development. 
In vivo oocytes begin to mature during tertiary follicle development and are highly 
regulated by steroid hormone concentrations.  GnRH released from the hypothalamic nuclei 
in the hypothalamus stimulates the release of LH and FSH from the anterior pituitary which 
induces follicular growth and oocyte maturation.  The tertiary follicle population contains 
developing and atretic follicles and a follicle can become atretic at any time during 
development (Lin and Rui, 2010).  Estrogens and androgens are at their highest concentration 
during the preovulatory growth phase and decrease after ovulation. The ovulated COC has 
expanded cumulus cells and contains an oocyte that has undergone GVBD and is progressing 
toward MII in development (Ainsworth et al., 1980).  The COC is ovulated into the 
infundibulum and with the assistance of the fimbria are guided toward the ampulla of the 
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oviduct.  The oocyte is only viable for approximately 12 hrs once it has been ovulated 
(Hunter., 2000).  The COC migrates down the ampulla assisted by ciliated cells which beat in 
the direction of the AIJ (Fujita et al., 2008b) at approximately76 mm/hr (Brüssow et al., 
2008).  The AIJ is the site of fertilization and the oocyte will rest at this junction until sperm 
travel up the isthmus to fertilize the oocyte.   
 
Fertilization 
Fertilization is the process whereby the sperm and egg fuse together to begin the 
creation of a genetically unique individual whose genome is derived from both parents.  
Following ovulation in the pig, litter size can be limited by fertilization failure, embryonic 
loss, and fetal loss due to uterine space limitations or fetal loss as a result of disease.   
Sperm is deposited into the cervix of the gilt/sow by artificial insemination or natural 
mating. Freshly ejaculated sperm must undergo capacitation before they are capable of 
undergoing an acrosome reaction to successfully fertilize an oocyte.  Capacitation occurs in 
vivo in the uterine environment and can be induced in vitro with bovine serum albumin, 
calcium and bicarbonate (Bedu-Addo et al., 2005; Xia and Ren, 2009).  Capacitation induces 
chemical and physiological changes in the sperm which increases pH and Ca
2+
 concentration, 
membrane hyperpolarization and motility (Haim, 2002; Suarez, 2008).  The majority of 
sperm will be eliminated and only a fraction will ascend the uterus and collect in the utero-
tubular junction at the posterior of the uterine horn (Rodriguez-Martinez et al., 2005).  This 
junction can store sperm for up to 30 hrs until the time of ovulation when they will be 
gradually released and a limited number will continue migrating up the isthmus (Rodriguez-
Martinez et al., 2005; Tienthai et al., 2004).  The isthmus consists of smooth muscle and 
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lacks ciliated cells.  The sperm swim up the isthmus with the aide of peristaltic muscle 
contraction and increased flow of tubal fluid which pushes the sperm up toward the AIJ 
(Fujita et al. 2008).   
The sperm must undergo capacitation before fertilization so that it may properly bind 
and fertilize the oocyte.  Oviductal fluid (ODF) is secreted from the oviduct epithelium and 
has an acidic pH and low levels of bicarbonate which capacitate the sperm.  ODF is most 
potent for capacitation post-ovulation when bicarbonate levels are at 33-35 mM (Tienthai et 
al., 2004).  The exocutosis of the acrosomal vesicle to release its enzymes is required for the 
sperm to penetrate the zona pellucida of the egg.  The binding of the sperm to and subsequent 
entry through the zona pellucida of the egg begins the process of fertilization.  Fusion of the 
egg and sperm cell membranes facilitates the entry of the male gamete into the egg prior to 
syngamy.    
The act of fertilization initiates reactions within the egg cytoplasm and results in cell 
cycle resumption and prepares the pending zygote for early development following fusion of 
the male and female pronuclei.  The first step of fertilization is the contact and recognition 
between sperm and egg that results in the acrosomal reaction.  In most cases, species specific 
receptors ensure that only the sperm and egg of the same species are able to interact and 
fertilize (Burkin and Miller, 2000).  These receptors and the zona pellucida regulate entry of 
a sperm cell into the egg.  In the pig, zona pellucida receptor 3 (ZP3) has been identified as 
the primary sperm receptor with O-glycans mediating the interaction (Yurewicz et al., 1991).  
Only one sperm nucleus can ultimately unite with the egg nucleus.  This is usually 
accomplished by allowing only one sperm to enter the egg and inhibit any others from 
entering.  Polyspermy occurs when more than one sperm is allowed to enter the oocyte and 
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results in the death of the embryo.  Only a small fraction of the sperm that enter the female 
reproductive tract make it to the site of fertilization which decreases the incidence of 
polyspermy (Fujita et al., 2008; Rodriguez-Martinez et al., 2005). The utero-tubular junction 
acts as a sperm reservoir and releases spermatozoa towards the AIJ to coincide with 
ovulation window (Brüssow et al., 2008).   Osteopontin (SPP1) has been used in IVF in 
swine to reduce the incidence of polyspermy and increase fertilization (Hao et al., 2006).  
Once the spermatozoa have arrived at the AIJ it must penetrate the zona pellucida following 
the acrosome reaction and bind the oocyte plasma membrane. Once bound the oocyte engulfs 
the entire sperm through phagocytosis to acquire the genetic material of the sperm. 
A calcium wave initiates at the point of fertilization and travels across the egg and 
through the sperm plasma membrane triggering the acrosome reaction (Tiwari-Woodruff and 
Cox, 1995).  In the oocyte, Ca
2+ 
is released from inositol triphosphate sensitive stores 
triggering the release of additional Ca
2+
 from intracellular stores. Collectively these two 
waves of Ca
2+
, which last over 3 h, are necessary for oocyte activation (Petr et al., 2002).  
The maternal, and to a greater extent, the paternal DNA are demethylated as they are 
combine within the embryo. As the embryo begins development, the genome is remethylated 
in cell specific patterns as the developing embryo achieves the blastocyst stage when de novo 
methylation occurs in the inner cell mass cells and trophectoderm (Fulka et al., 2006). 
 
Early embryo development and uterine migration in the pig 
After fertilization the male and female pronuclei fuse to form a single cell zygote.  
Holoblastic cleavages begin approximately 24 h after fertilization producing smaller cells 
with each division. Embryos that cleave earliest after fertilization are more competent and 
19 
 
have a developmental advantage compared to later cleaving embryos (Isom et al., 2011).  
The first cleavage occurs within 24-30 h in the porcine zygote which is similar to humans 
and many higher organisms (Bazer et al., 1993).  At 60 hrs following fertilization, the pig 
zygote is typically at the 4-8 cell stage and has begun migrating towards the uterus.  The 
embryonic genome becomes activated in the 4-cell stage and transcription of new mRNA, 
which was halted at GVBD, will resume.  The embryonic genome must activate an estimated 
10,000 genes for successful embryogenesis (Niemann and Wrenzycki, 2000).  The embryo 
will develop to the morula stage by day 5 and then blastocyst formation occurs on day 6.  
The blastocyst will hatch from the zona pellucida when it reaches approximately 150 cells or 
more (Anderson, 2000).  The developing embryos migrate throughout the uterine horns until 
trophoblastic elongation occurs around d 11-12 of gestation. 
 
Embryo elongation and implantation 
 The pig blastocyst is unique in that it undergoes rapid elongation from a sphere(10 
mm) to a long filamentous form (>150 mm) on d 11-12 of gestation (Geisert et al., 1982a; 
Heuser and Streeter, 1929).  The trophoblast expands to increase placental surface for 
maternal:conceptus nutrient exchange and communication (Stroband and Van der Lende, 
1990). The pig conceptus morphologically changes within hours whereas other large 
livestock species such as the cow or ewe take days for the conceptus to elongate and establish 
its space in the uterus.  The pig conceptus elongates from ovoid (<10 mm) to filamentous 
(>150 mm) in about 4 hrs during day 11 to 12 of gestation (Anderson, 1978; Geisert et al., 
1982a).  All stages of embryos can be found in the uterus from days 10 through 12 
(Anderson, 1978; Pusateri et al., 1990).  Elongation is asynchronous and embryos that 
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develop slowly have the greatest probability of dying (Bazer et al., 1993).  Embryo 
elongation involves cellular migration not cellular hyperplasia.  Although both DNA and 
protein increase from day 9 to 13, the protein: DNA ratio decreases (Geisert et al., 1982a; 
Pusateri et al., 1990). During trophectoderm elongation, the diameter of the embryo 
decreases and there is no increase in cell number during rapid trophoblast elongation 
(Pusateri et al., 1990).  The expansion of the trophectoderm allows the conceptus to establish 
sufficient uterine space for placentation and nutrient exchange throughout gestation. 
The developing pig conceptuses must signal their presence to prevent CL regression 
and establish pregnancy.  The pig conceptus does this by synthesizing and secreting estrogen 
during elongation on days 10 through 12 of gestation (Geisert et al., 1982b; Guthrie, 1975; 
Perry et al., 1973; Pusateri et al., 1990). Elongating conceptuses produce more estradiol 
compared to their spherical counterparts in culture (Pope, 1988).  Estrogen acts on the uterus 
to stimulate the release of endometrial secretory products (Geisert et al., 1982b). The uterus 
and conceptus also communicate to prepare for implantation by increasing synthesis of IGF-
I, IGF-II binding factors, protease inhibitors, interferon proteins, and the pro-inflammatory 
cytokine, interleukin-1β (Lee et al., 1998; Reed et al., 1998; Ross et al., 2003; Simmen and 
Simmen, 1990).  Estrogen signals the maternal system to maintain the CL on the ovary for 
production of P4 by redirection the prostaglandin F2α release from the uterine endometrium. 
There must be four conceptuses, two per uterine horn, to produce enough signal for maternal 
recognition and pregnancy establishment to occur in the pig (Dziuk, 1968).   
Mitotic activity is low during the initial stages of elongation (10 to 330 mm) and the 
morphological change is due to cell migration and restructuring not cell proliferation (Geisert 
et al., 1982a).  Messenger RNA expression profiles have identified differential expression in 
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various conceptus morphological stages using microarrays (Ross et al., 2009), RT-PCR 
(Green et al., 1995; Wilson et al., 2000), library construction and analysis (Smith et al., 
2001), cDNA library array (Lee et al., 2005) and serial analysis of gene expression (SAGE) 
(Blomberg et al., 2005).  These different techniques are consistent at identifying gene 
expression and affected pathways during conceptus elongation.  
 The embryos are equally spaced within the uterus by day 13 of gestation and initial 
attachment of the trophectoderm to the uterine epithelium begins (Dantzer, 1985; Perry, 
1981).  The area of uterine space occupied by the conceptus is important for influencing 
fetal-maternal interactions including nutrient and waste exchange.  Conceptus membranes do 
not overlap or adhere to one another until late gestation and blood supplies are not shared 
between adjacent conceptuses in the pig (Crombie, 1972).  Trophoblast-endometrial 
interactions are established by day 35 of gestation and begin to develop characteristic folds 
(Friess et al., 1980; Knight et al., 1977).  Uterine crowding can result in conceptus loss 
between days 30 and 40 of gestation (Knight et al., 1977; Vallet and Freking, 2007).  
Embryonic loss early in gestation may leave unoccupied regions of the uterus which can be 
utilized by the adjacent conceptus to increase their size and weight by a small percentage 
(Vallet et al., 2011; Vonnahme et al., 2002).  However the weight of the fetus at 105 days is 
determined by the uterine space occupied and number of fetuses present at 35 days of 
gestation (Vallet et al., 2011).  The conceptus must establish itself in the uterus and adhere to 
the endometrium for proper development during gestation. 
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Small RNAs in the oocyte, early embryo and elongating conceptus 
RNA 
Ribonucleic acid (RNA) is a polymer composed of ribonucleotides linked together by 
a phosphodiester bond, constructed for gene expression by RNA polymerase.  Mature RNA 
is a single strand composed of exons transcribed from the deoxyribonucleic acid (DNA) of 
the gene to be expressed.  RNA is synthesized by RNA polymerase which uses a DNA 
template to transcribe RNA (Paule and White, 2000).  Coding RNA are those which are 
translated into proteins and include exons spliced together to form a single stranded 
messenger RNA (mRNA) which can then be translated into a protein.  Protein synthesis takes 
place at ribosomes which link amino acids together according to the mRNA codon sequence.  
To do this, transfer RNA (tRNA) are utilized to identify the sequence specific codons and 
provide the corresponding amino acid.  Ribosomal RNA (rRNA) and ribosomal proteins 
serve as the manufacturing machinery (Brenner et al., 1961).  Non-coding RNA are 
functional RNA molecules that are not translated into proteins.  MicroRNA (miRNA), 
snoRNA, piwiRNA (piRNA), tRNA, and rRNA are all examples of non-coding RNAs.  
While each of these RNA classes has distinct functions, the knowledge and understanding of 
miRNA function is a rapidly expanding area in biology. 
 
MicroRNA 
MicroRNA are short (18-24 nt) non-coding RNAs derived primarily from introns of 
coding genes in the mammalian genome (Su et al., 2010). First discovered in 1993, lin-4, a 
22nt miRNA was found to negatively regulate LIN-14 protein during development in C. 
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elegans (Lee et al., 1993; Wightman et al., 1993).   MiRNA are generally expressed in a 
tissue specific and spatial manner relative to a developmental stage or process.  Similar to 
mRNA transcription, miRNA expression is also driven predominately via RNA polymerase 
II activity however some are expressed via RNA polymerase III (Bartel, 2004).   
Primary miRNA have been coined ‘pri-miRNA’ and are transcribed by RNA 
polymerase II (Kim, 2005).  RNase-III enzymes Drosha and  DGCR8/Pasha process the pri-
miRNA in the nucleus to form a ~70 nt stem-loop structure (Denli et al., 2004; Lee et al., 
1993).  Drosha cleavage, which requires the functional cooperation of DGCR8, due to its 
possession of two dsRNA binding motifs, results in the nuclear release of ~60-70 nt stem 
loops, referred to as miRNA precursors, or ‘pre-miRNA’.  The pre-miRNA is actively 
exported out to the cytoplasm by Ran-GTP and Exportin-5 where it is cleaved by RNase-III 
enzyme, Dicer (Sontheimer, 2005).  Following export of the stem loop pre-miRNA into the 
cellular cytoplasm, Dicer recognizes the dsRNA and typically cleaves both strands around 
two helical turns from the stem-loop base resulting in 18-24 nt dsRNA molecules possessing 
3' overhangs.  These molecules are referred to as mature microRNA.  These dsRNA duplexes 
are unstable and readily dissociated into ssRNA molecules, that based on their sequence 
complementation to mRNA may confer gene specific posttranscriptional gene silencing 
(PTGS).   
  The mature miRNA are processed and bound to a RNA-induced silencing complex 
(RISC) (Briscoe and Ericson, 2001) which recognizes and binds target mRNAs and inhibits 
or destabilizes the target RNA to prevent translation or to promote mRNA degradation 
(Bartel, 2004; Zamore and Haley, 2005).  Argonaute proteins bind miRNA within the RISC 
complex to facilitate the PTGR of the specific mRNA target (Grishok et al., 2001).  The 
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mature miRNA target mRNAs through imperfect base pairing  with a seed region (6-8 
nucleotides) on the 3' UTR of the target mRNA (Bartel, 2004).   
Current estimations predict approximately 1,200 miRNA are present in the human 
genome (Griffiths-Jones, 2002; Saini et al.,2007), having the potential ability to impact 
approximately 30% of protein coding genes (Miranda et al., 2006).  MicroRNA do not 
require a perfect match to their seed region of a target mRNA to be functional, allowing a 
multitude of mRNA targets for a single miRNA.  Computer models are inaccurate at 
predicting miRNA to mRNA interactions that exist biologically due to the temporal and 
spatial control of miRNA expression (Yang et al., 2009).  Some miRNA have numerous 
mRNA targets (Mickoleit et al., 2011) while others have few predicted targets (Brennecke et 
al., 2005; Rajewsky and Socci, 2004).  It is unclear how a miRNA interacts with its specific 
target, in a cell when multiple 3' UTR of target mRNA are available and predicted to be 
targets.  For example when twelve predicted mRNA targets of MIR21 were evaluated in 
breast cancer cells it was determined that only six were actually directly targeted by MIR21 
(Yang et al., 2009).  Proteomics are being used to evaluate the regulation of target genes by 
miRNA in an attempt to unravel the complex mechanism.  More studies are needed to 
identify and define miRNA regulation and targets.    
 
MiRNA in the pig 
 As stated above, over 1,200 mature miRNA have been identified for humans and 
mice while only a few hundred have been identified in the pig and most of those are 
predicted, not validated miRNA (Griffiths-Jones, 2002; Kim et al., 2008; Reddy et al., 2009; 
Xie et al., 2011).  However the pig genome will likely be updated and more information 
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including miRNA identities will be available.  MiRNA have been studied in several pig 
tissues such as the heart, lungs and developing brain as well as muscle groups which are 
important for meat production.  Small RNA libraries generated from specific tissues in the 
pig have identified differentially expressed miRNA and novel miRNA within the pig 
genome.  Pig heart, liver and thymus have been used to identify 120 conserved miRNA 
including 11 novel miRNA which displayed heart specific and liver specific miRNA 
expression patterns (Reddy et al., 2009). Fibroblast cells from multiple tissues were pooled 
and an additional six novel miRNA were identified in the pig (Kim et al., 2008).  Cloning 
and characterization of muscle and adipose tissue were used to identify an additional 15 
conserved miRNA to expand the number of known pig miRNA (Cho et al., 2010).  MiRNA 
are differentially regulated during development and distinct patterns of expression have been 
observed in the same tissue at different stages of development.  MiRNA in the developing 
pig brain were found to have differential expression during development.  Within specific 
regions of the brain, MIR135a – 135b clusters were discovered which had not been 
previously identified (Podolska et al., 2011).  Another 332 miRNA expressed in the porcine 
intestine, including 201 novel miRNA, have been identified which could be used to study 
intestinal function and disease (Sharbati et al., 2010).  MiRNA have been identified in 
skeletal muscle which play a role in development and regeneration as well as signal 
transduction, cell-cell and cell-extracellular matrix communication (Nielsen et al., 2010).  
MiRNA identified in the pig include MIR-206 and MIR-1 which are involved in myogenesis 
and contribute to skeletal muscle development by regulating connexin 43 protein during 
myoblast development (Anderson et al., 2006).  The let-7 family, a key miRNA regulator of 
development, which is highly conserved across several species, includes eight members that 
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are found in pig skeletal muscle during development (Anderson et al., 2006).  MiRNA 
sequences compared between breeds demonstrate that miRNA related to liver development, 
liver cell apoptosis and energy metabolism were differentially expressed between lean and 
fatty breeds of pigs (Xie et al., 2011).  In the pig placenta 17 miRNA were identified to have 
different expression patterns on day 30 compared to day 90 (Su et al., 2010).  The completion 
of the pig genome in the near future will allow for the identification and validation of 
numerous miRNA in the pig. 
 
MiRNA in the oocyte and early embryo 
The function of miRNA during pig oocyte maturation and early embryo development 
is not well understood at this time.  However multiple studies in mice have shown that 
miRNA are present in the oocyte and are required for early embryo development (Tang et al., 
2007).  Maternal repertoires of mRNAs and proteins are stored in the oocyte until activation 
during recruitment and maturation to MII.  These mRNAs must be preserved and stored until 
needed and then utilized by the oocyte for proper development (Tadros and Lipshitz, 2005).  
MiRNA play a vital role in regulating and manipulating maternal mRNA for normal oocyte 
maturation. Dicer is essential for oocyte maturation and when removed from mouse oocytes 
during maturation there is no progression past the first cell division (Tang et al., 2007).  This 
study demonstrated that maternal genes in the oocyte are directly and indirectly regulated by 
miRNA and that miRNA are essential for oocyte development in the mouse (Tang et al., 
2007).  MicroRNA have been identified in the bovine oocyte, granulosa and COC with let-7b 
being the most abundant miRNA representing 26.5% of all reads for a bovine COC small 
RNA cDNA library (Miles et al., 2012).  Let-7 had been previously identified in mouse (Reid 
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et al., 2008) and bovine (Tripurani et al., 2010) ovaries.  Let-7 is also known to suppress 
tumors by interacting with MYC, a nuclear protein involved in the control of cell 
proliferation and differentiation (Sampson et al., 2007) but the exact role of let-7 in 
reproductive tissues is unknown.  In cattle, MIR106a was most abundant in oocytes 
compared to granulosa cells which indicate it may play an important role in the oocyte 
development (Miles et al., 2012).  A small RNA library in the pig oocyte and early embryo 
demonstrated that sn/sno RNA are most abundant in GV oocytes and cumulus cells, MII 
oocytes and cumulus cells, 4-8 cell stage embryos and blastocyst (Yang et al., 2012).  
MiRNA were the second most abundant RNA class in MII cumulus cells and third in GV 
cumulus cells (Yang et al., 2012).  Chromosomal distribution of miRNA reads for the pig 
oocyte, and early embryo library demonstrated dynamic changes in the number of reads 
(Yang et al., 2012).  A large number of miRNA have been identified in the mouse, bovine 
and pig tissues however more research is needed to elucidate the function of miRNA in 
oocyte maturation and early embryo development. 
 
MiRNA in the elongating pig conceptus 
Numerous mRNA molecules are differentially expressed during this dynamic period 
of conceptus growth (Blomberg et al., 2005; Ross et al., 2009).  Early fetal development may 
involve more than 10,000 genes (Niemann and Wrenzycki, 2000) which must be regulated 
temporally and spatially for normal development to occur.  A majority of prenatal conceptus 
death in the pig occurs between 12 and 18 days of gestation (Pope and First, 1985) during 
embryo elongation and implantation.  MiRNA likely play an essential role conferring PTGR 
during embryo elongation and implantation.  However little is known about the roles of 
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miRNA during embryo elongation in the pig.  More research is needed to determine the roles 
of miRNA during embryo elongation in the pig. 
 
MiRNA-21 
 MiRNA21 (MIR21) has been identified as a key component during cell proliferation, 
apoptosis and as a regulator of many cancer cell types (Bueno et al., 2008; Chan et al., 2005; 
Dillhoff et al., 2008; Yang et al., 2009).   Carletti et al., (2010) examined the expression of 
MIR21 in mouse granulosa cells and suggested MIR21 may play a role in ovulation and 
oocyte development.  They found that by inhibiting MIR21 in the mouse ovary there was 
increased cell apoptosis detectable by tunnel staining and ovulation rate was decreased 
(Carletti et al., 2010). Quantitative proteomics have been used to characterize MIR21 in 
breast cancer cell line MCF-7 (Yang et al., 2009).   MIR21 specifically targets programmed 
cell death 4 (PDCD4) mRNA, and indirectly regulates activator protein 1 (AP-1), and 
STAT3 which have all been demonstrated to play important roles in cell fate regulation in 
normal development and during oncogenesis (Asangani et al., 2007; Fujita et al., 2008b; 
Wang et al., 2008).  The transcriptional and translational regulation of MIR21 in oncogenesis 
may be similar to MIR21 regulation in oocyte and embryo development since both processes 
are characterized by an increase in cell cycle.  MicroRNA in the developing embryo has not 
been well studied.  MiRNA profiling in our lab has demonstrated a significant increase of 
MIR21 abundance during oocyte maturation (Yang et al., 2012, Figure 2.2).  Obtaining an 
understanding of MIR21 and its mechanism is necessary to understand molecular regulations 
during oocyte maturation and early embryo development.  Understanding molecular 
mechanisms of early embryo development will provide a more comprehensive understanding 
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of mammalian reproduction and development that can be fundamental in developing 
strategies to improve reproductive efficiency in pigs. 
Programmed cell death 4 (neoplastic transformation inhibitor) is composed of 469 
amino acids, with two basic domains at the N-terminus and C-terminus and two conserved α- 
helical MA-3 domains (Göke et al., 2002; Shibahara et al., 1995). The PDCD4 protein is 
localized to the nucleus and is expressed ubiquitously in normal tissues (Lankat-Buttgereit 
and Goke, 2009).  PDCD4 was first described as a tumor suppressor which is up regulated 
during cell apoptosis and is negatively regulated by MIR21 (Asangani et al., 2007; Lu et al., 
2008b).  Apoptosis must be regulated during early embryo development for proper 
development (Degrelle et al., 2009).  Similarly apoptosis is down regulated in most cancer 
cells leading to the proliferation of the cells that contribute to tumor formation (Asangani et 
al., 2007).  
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Figure 2.2. MiRNA are differentially expressed between GV and MII arrested oocytes.  
Microarray analysis demonstrated that several miRNA are differentially expressed during 
oocyte maturation from GV to MII arrest (adapted from Yang et al., unpublished data). 
Abundance of several miRNA either decreased or increased in MII arrested oocytes 
compared to GV stage oocytes.  MIR21 represented the greatest difference in abundance in 
MII arrested oocytes compared to GV stage oocytes.   
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Figure 2.2. 
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 Activator protein 1 (AP-1) activity is mediated by the down regulation of PDCD4 by 
MIR21 in tumorigenesis (Talotta et al., 2008).  AP-1 promotes cell proliferation and 
regulates MIR21 through a double-negative feedback mechanism (Fujita et al., 2008).  
Therefore, it may be possible that by blocking apoptosis via PDCD4, MIR21 may increase 
cell proliferation by promoting AP-1 activity.   
 
Summary 
Oocyte maturation and embryo development are complex biological processes in 
which miRNA may play an important role as regulators of PTGR.  Understanding the role of 
miRNA throughout these developmental processes will lead to a deeper understanding of 
reproduction and provide foundational knowledge that can be used for improving pig 
reproduction.   
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Abstract 
 
MicroRNA (miRNA) are small non-coding RNA molecules critical in regulating 
cellular function including oocyte and early embryo development.  MiRNA21 (MIR21) is a 
regulator of posttranscriptional gene regulation in several tissues including cancer, 
embryonic tissues and the ovary; and is associated with rapid cell proliferation and inhibition 
of apoptosis through interactions with PDCD4 mRNA and other targets.  MIR21 interacts 
and suppresses PDCD4 due to the strong complementation between the MIR21 and the 
PDCD4 3′UTR.  The objective of this project was to examine the relationship between 
MIR21 and PDCD4 expression in porcine oocytes during in vitro maturation and the impact 
of MIR21 inhibition during oocyte maturation on early embryo development.  Additionally, 
we evaluated the effect of gonadotropins in maturation media and the presence of cumulus 
cells to determine their ability to contribute to MIR21 expression in the oocyte during 
maturation.  To determine the regulatory role of MIR21 in the cumulus oocyte complex, 
antisense oligonucleotide inhibitors to prevent MIR21 function were utilized.  During in vitro 
maturation, expression of MIR21 increased approximately 4-fold in the oocyte and 25-fold in 
the cumulus cell.  PDCD4 protein was 7-fold less abundant in MII arrested oocytes compared 
with GV stage oocytes while PDCD4 mRNA was not significantly different.  Inhibition of 
MIR21 activity in the oocyte during in vitro maturation using antisense MIR21 inhibitor 
prevented PDCD4 protein suppression and decreased embryo development to the 4-8 cell 
stage following parthenogenetic activation.    
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Introduction 
Germinal vesicle breakdown (GVBD) is the first physical sign that an oocyte is 
committed to maturation and also represents the onset of a period of transcriptional 
quiescence, which persists until the activation of the embryonic genome.   During this period, 
changes in mRNA and protein abundance within the oocyte can occur through interactions 
with the surrounding cumulus cells and/or through posttranscriptional gene regulation 
(PTGR) within the oocyte.  While several mechanisms of PTGR are well described, 
microRNA (miRNA) represent a unique RNA class that function as potent regulators of 
transcription and protein abundance (Aiba et al., 2006).   MiRNA  are small (18-24 nt), non-
coding RNA molecules that confer PTGR through several mechanisms, such as impairing 
translation efficiency and affecting mRNA stability following interaction with target mRNA 
molecules (Bagga et al., 2005; Bartel, 2004), primarily through binding recognition motifs in 
the 3′ untranslated region (3′UTR) (Brennecke et al., 2005; Doench and Sharp, 2004).   
Numerous miRNA are expressed in the mouse oocyte and developing embryo and it has been 
further demonstrated that knockout of dicer, a critical enzyme involved in miRNA 
processing, during oocyte development, significantly impairs the production of normal 
oocytes capable of being fertilized and developing (Tang et al., 2007).  Current estimations 
predict approximately 1,000 miRNA are present in the human genome (Griffiths-Jones, 
2002), having the potential ability to impact approximately 30% of protein coding genes 
(Miranda et al., 2006).  Some miRNA have numerous mRNA targets (Mickoleit et al., 2011)  
while others have few predicted targets (Brennecke et al., 2005; Rajewsky and Socci, 2004).   
Utilizing miRNA microarray analysis and deep sequencing, we have previously 
identified microRNA-21 (MIR21) as an up-regulated miRNA during porcine oocyte in vitro 
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maturation (Yang et al., unpublished data).  In mice it has been reported that luteinizing 
hormone may increase the expression of MIR21 in mouse granulosa cells and in vivo MIR21 
inhibition has a negative impact on ovulation rate (Carletti et al., 2010).   
MIR21 is a well characterized miRNA that has demonstrated the ability to confer 
PTGR in numerous carcinomas and cell lines affecting cell proliferation by controlling 
apoptosis (Bueno et al., 2008; Chan et al., 2005; Dillhoff et al., 2008; Yang et al., 2009). 
MIR21 is expressed via RNA polymerase II, and is located in intron 10 of the transmembrane 
49 (TMEM49; also referred to as VMP1) gene (Cai et al., 2004; Fujita et al., 2008a). The 
mature MIR21 sequence was first identified in human HeLa cells (Lagos-Quintana et al., 
2002) and has since been predicted and verified in several other species, including the pig.   
The anti-apoptotic capabilities of MIR21 in cancer cells are primarily through the ability to 
suppress critical apoptotic genes such as programmed cell death 4 (PDCD4, previously 
referred to as neoplastic transformation inhibitor) (Asangani et al., 2007; Frankel et al., 2008; 
Lu et al., 2008; Qi et al., 2009).  PDCD4 is composed of 469 amino acids, with two basic 
domains at the N-terminus and C-terminus and two conserved α- helical MA-3 domains 
(Göke et al., 2002; Shibahara et al., 1995).  MIR21 interacts with PDCD4 through binding 
with complementary sequence in the 3′UTR of PDCD4 resulting reduced translation and 
protein abundance (Asangani et al., 2007; Lu et al., 2008).  Global expression profiling of 
germinal vesicle stage (GV) oocytes and 4-cell stage embryos has previously demonstrated 
PDCD4 expression in pig oocytes (Whitworth et al., 2005). Also important, the 3′UTR of pig 
PDCD4 possesses a conserved MIR21 recognition sequence suggesting biologically active 
MIR21 during oocyte maturation may impact PDCD4 protein abundance in the oocyte 
following GVBD and progression to MII. 
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Our working hypothesis is that MIR21 expression in the pig cumulus oocyte complex 
(COC) can influence the abundance of PDCD4 through PTGR following GVBD.   The 
objective of this study was to determine expression patterns of MIR21 and demonstrate its 
potential interactions with PDCD4 in the COC during oocyte maturation in the pig.   Here we 
demonstrate PDCD4 protein down regulation temporal to MIR21 up regulation during in 
vitro oocyte maturation.  These data indicate a reduced ability of MIR21 to suppress PDCD4 
protein expression in the presence of a MIR21 inhibitor suggesting a biological interaction 
between MIR21 and PDCD4 mRNA occurs during in vitro oocyte maturation in the pig. 
 
Materials and methods 
In vitro maturation 
Sow ovaries were obtained from a local abattoir for isolation of COCs.  Follicles (3-5 
mm) were aspirated and COC were collected and washed in TL-Hepes  with 0.1% polyvinyl 
alcohol (PVA) (Lai and Prather, 2003).  Cumulus oocyte complexes were cultured in 
maturation media (Tissue Culture Media 199 (TCM-199)) containing 0.57 mM L-cysteine, 
follicle stimulating hormone (0.5 µg/mL), luteinizing hormone (0.5 µg/mL), and epidermal 
growth factor (10 ng/mL) for 42-44 hours at 39.0°C in 5% CO2.  Prior to in vitro maturation, 
an aliquot of GV stage oocytes for each replication were randomly selected from the COC 
pool.  GV stage oocytes used for analysis were stripped of cumulus cells via vortex (6 to 8 
min) in 1% hyaluronidase in TL-Hepes-PVA.  Following in vitro maturation oocytes were 
stripped of cumulus by vortexing 5-6 min in TL-Hepes-PVA supplemented with 1% 
hyaluronidase and Metaphase II (MII) arrested oocytes were identified by the presence of an 
extruded polar body.  Cumulus cells before and after maturation (n=4 per maturation stage) 
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and GV and MII oocyte pools (25 oocytes per pool, n = 4 per stage) were snap frozen in 
liquid nitrogen and stored at -80°C until used for quantitative reverse transcription PCR (RT-
PCR). Pools of GV and MII arrested oocyte pool from the same replications (50 oocytes per 
pool, n=4) were utilized for Western blot analysis. 
 
MIR21 expression in oocytes with and without LH and FSH during in vitro maturation 
 To determine the effect of LH and FSH on MIR21 expression in oocytes during in 
vitro maturation, COCs were matured in maturation media as described above with LH and 
FSH or lacking LH only, lacking FSH only or lacking both.  COCs were washed four times 
and cultured in the designated hormone treatment in groups of 80-90 COCs per well.  COCs 
were cultured for 42 hrs, denuded of cumulus cells by vortexing as described above and MII 
oocytes were identified by the presence of a polar body.  This experiment was repeated four 
times. Maturation rates were recorded and MII arrested oocytes from each treatment and 
replication were collected for MIR21 expression analysis as described above. 
 
MIR21 expression in oocytes cultured with and without cumulus cells 
 To determine the effect of cumulus cell presence on MIR21 expression in oocytes 
during in vitro maturation, we subjected COCs to one of three treatments 1) normal in vitro 
maturation (intact COC), 2) in vitro maturation following cumulus cell removal and then co-
cultured with denuded oocytes or, 3) denuded oocytes matured without cumulus cells.  
Cumulus cells were removed by gentle vortex in 1% hyaluronidase in TL-Hepes.  Cumulus 
cells returned to cell culture were centrifuged at 600 x g for 5 minutes washed twice in 200 
µL of maturation media and then resuspended in 200 µL of maturation media and added to 
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the in vitro maturation culture plates which contained 300 µL maturation media and the 
denuded oocytes.  Final volume of culture media for all plates was 500 µL and each well 
contained 75-85 oocytes.  This experiment was repeated four times. Maturation rates were 
recorded and MII arrested oocytes from each treatment and replication were collected for 
MIR21 expression analysis as described above in the in vitro maturation section. 
 
MIR21 inhibition during in vitro maturation 
 Peptide nucleic acids (PNA) are artificially constructed oligonucleotides with a 
strong affinity and specificity to endogenous nucleotides while resistant to nucleases making 
them ideal for miRNA inhibition (Oh et al., 2009). We used an anti-MIR21 PNA (Panagene 
Inc., Daejeon, Korea) designed to specifically bind to and prevent MIR21 activity.  A 
scrambled PNA with no predicted targets was used as a negative control (Panagene Inc., 
Daejeon, Korea).  PNA oligonucleotides were diluted in maturation media at a stock 
concentration of 100 nM/µL and then added to maturation media on the day of COC 
collection to acquire a final concentration of 2.0 nM and 0.2 nM.  A control group without 
PNA was used to evaluate the potential toxicity of the PNA.  GV oocytes and cumulus cells 
were collected at the time of COC collection and MII oocytes and cumulus cells were 
collected at 42-44 hrs of maturation. 
  Parthenogenetic activation of MII oocytes was performed with 50 oocytes from each 
treatment to determine developmental competence up to 60 hrs.  MII arrested oocytes were 
washed in a high calcium activation media (Mannitol 0.28M, CaCl2 1.0 mM, MgCl2 0.1mM, 
HEPES 0.5mM and BSA 1mg/mL), then placed between two electrodes covered with 
activation media and activated by two consecutive 30 µsec pulses at 1.2 kv/cm. Following 
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activation, zygotes were washed and cultured in porcine zygote medium-3 (PZM3) at 39°C 
in 5% CO2 (Lai and Prather, 2003).   At 60 hours embryos were evaluated for development 
and the number of embryos with 4 or more uniform blastomeres was recorded. 
 
Quantitative RT-PCR of pooled porcine oocytes 
Oocytes were collected and denuded of cumulus cells as described above.  Oocytes 
from each stage of development and treatment were collected in pools of 25 oocytes in 10 µL 
of PBS. Both PDCD4 and MIR21 analysis were analyzed from the same sample lysis.  
TaqMan™ Gene Expression Cells-to-Ct™ Kit (Applied Biosystems, Carlsbad, CA) was used 
to lyse oocytes and prepare samples for RT-PCR.  Lysis solution and DNase from the Cells-
to-Ct kit were added to each pool at 4.95 and 0.05 µL, respectively, and incubated at RT for 
5 min.  Stop solution (0.5 µL) was added, incubated for an additional 2 min and placed on 
ice.  Two µl of the sample lysis was added to each RT-PCR reaction.  PDCD4 forward (5’-
ACAGTTGGTGGGCCAGTTTATTGC-3’) and reverse (5’-
CTTTGCGCCTTCCACCTTTAGACA- 3’) primers were used to determine mRNA 
abundance of PDCD4 within each pool.  QuantiTect® SYBR® Green RT-PCR Kit (Qiagen, 
204243) was used for the RT-PCR reaction with PDCD4 according to manufacturer’s 
recommendations.  The standard cycling conditions were 50°C for 30 min, 95°C for 15 min 
followed by 45 cycles of 95°C for 15 sec, 60°C for 30 sec, and 72°C for 30 sec followed by, 
melting curve analysis.  
MIR21 was quantified using TaqMan® MicroRNA Reverse Transcription kit 
(Applied Biosystems, Carlsbad,CA) for the RT reaction and the primers and probe used were 
TaqMan® MicroRNA Assay for hsa-MIR21 (Applied Biosystems, Carlsbad, CA) according 
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to manufacturer’s recommendations.  The RT reaction was 20 µL consisting of 13 µL master 
mix, 3 µL primers, and 4 µL sample lysis.  Reverse transcription conditions were 16°C for 30 
min, 42°C for 30 min and 85° for 5 min.  The final volume for all RT-PCR reactions was 20 
µL which include 1.33 µL of the RT product, 1 µL TaqMan MicroRNA Assay (20x), 10 µL 
TaqMan 2x Universal PCR Master Mix and 7.67 nuclease free water. The thermal cycling 
conditions for the TaqMan MicroRNA RT-PCR were 95° for 10 min, followed by 45 cycles 
of 95°C for 15 sec and 60° for 60 seconds.   Fluorescent data acquisition was during the 60°C 
extension step.  For analysis of MIR21 expression in cumulus cells, total RNA was extracted 
from cumulus cells of GV stage and MII arrested oocytes using the mirVana RNA isolation 
kit (Life Technologies, Grand Island, NY), 10 ng of total RNA was utilized for the RT 
reaction conducted the same way as the oocyte samples.  For cumulus cells, cycle threshold 
(CT) values were normalized to RNU43 RNA expression prior to comparison between stages 
and statistical analysis.  All samples were assayed in duplicate.  The comparative CT method 
was used to calculate relative fold changes between samples as previously described (Ross et 
al., 2003).  
 
PDCD4 Western blot analysis 
 Pools of 50 denuded GV and MII oocytes within a replication were collected, 
washed in PBS and stored at -80°C until used for Western blot analysis.  Oocyte pools were 
lysed in 2.5 µl of 5x SDS (total sample volume 12.5 µL) at 95°C for 4 min followed by 1 min 
on ice and then centrifugation at 1000 rpm for 1 min at RT.  Samples were then loaded into a 
4-20% Tris glycine gel (Lonza PAGEr® Gold Precast Gels).  BioRad Mini PROTEAN Tetra 
System was used to run the gel at 60 volts for 30 minutes followed by 120 volts for 90 
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minutes.  The gel was transferred to a nitrocellulose membrane for 1 hr at 100 volts at 4°C.  
Membrane blocking was conducted using 5% milk in PBST (PBS with 0.5% Tween 20) for 1 
hr at RT.  A rabbit anti-PDCD4 monoclonal antibody (Abcam, ab79405) was added (1:1000 
dilution) to the membrane in 0.5% milk in PBST overnight at 4°C  and a negative control 
membrane lacking primary antibody was also conducted.  Following primary antibody 
incubation, the membranes were washed with PBST three times at RT for 10 min each. 
Donkey anti-Rabbit IgG (Amersham™ ECL™ NA934) was incubated (1:2000) with the 
membrane for 1 hr at RT.  The membrane was then washed three times for 10 min each at 
RT.  Horse–radish peroxidase substrate (Millipore, Billerica, MA) was added to the 
membrane for 1 min in the dark.  The membrane was then exposed to x-ray film and 
developed for visualization.  Average pixel intensity for the protein corresponding to 52 kDa 
(PDCD4 molecular weight) was conducted using Image J (Abramoff et al., 2004). 
 
Immunostaining of GV and MII oocytes 
Oocytes were placed in 4% paraformaldehyde overnight and preserved in PBS until 
staining.  Oocytes were transferred into 0.5% Triton X100 in PBS for 30 minutes at RT 
followed by blocking with 3% BSA in PBS for 45 minutes at room temperature.  Rabbit anti-
PDCD4 monoclonal antibody (1:500 dilution) in 3% BSA overnight at 4°C was incubated 
with each treatment and replication of oocytes.  Oocytes were then washed in 0.05% PBST 
twice for 30 minutes and placed in secondary antibody, Alexa 674 anti-rabbit (1:250, 
Millipore, Billerica, MA) for 1 hr at room temperature.  Two washes with 0.05% PBST for 
30 minutes removed excess antibody and background.  Oocytes were post-fixed in 2% 
paraformaldehyde for 10 minutes at RT, washed twice in 0.05% PBST and mounted with 
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anti-fade medium containing DAPI for visualization of the nucleus.  Negative controls for 
both Alexa674 and DAPI were performed to establish base line setting for microscope 
imaging.  ImageJ was used to determine pixel intensity for each oocyte and at least four 
oocytes were measured per replication (n=4) for each treatment. 
 
In situ hybridization of MIR21 in the developing follicle 
 Gilt ovaries were preserved in 4% paraformaldehyde and utilized for in situ 
hybridization to determine MIR21 expression.  Ovary sections (5µm) were then mounted on 
slides for analysis.  Each section was subjected to CitriSolv® twice for five minutes, 
rehydrated in 2 changes of 100% ethanol for 3 minutes, followed by 95% ethanol for one 
minute and finally 80% ethanol for one minute.  Slides were then immersed in heated citrate 
buffer (95˚C) for 30 minutes and then cooled to RT.  Once at RT slides were blocked for 30 
minutes with 5% BSA.  Slides were then placed in hybridization solution for 1 hr at 65˚C.  
The probe was then added and slides were incubated in high humidity overnight at 65˚.  On 
day 2 slides were washed in standard saline citrate (SSC) solution and PBST at RT.  Anti-
fade DAPI was added and a cover slip was placed over each section.  Primary and secondary 
follicles were imaged at 400x and tertiary follicles were imaged at 200x with a Leica 
microscope. 
 
Statistical Analysis 
PROC MIXED of the Statistical Analysis System was used to determine statistical 
differences of all data including percentage maturation and differences in CT value for RT-
PCR data.  Significance (P < 0.05) was determined for the model and least-square means was 
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used to determine significant differences between samples.  The effect of oocyte stage on 
MIR21 and PDCD4 expression (CT) was determined.  Treatment effect for the inhibitor, 
presence or absence of gonadotropins, and the presence or absence of cumulus cells during in 
vitro maturation on MIR21 expression was evaluated. Replication was included as a 
covariate.   Percentage graphs are set to reflect the GV stage as 100% expression and all 
other treatments are relative to GV.  Data are displayed as mean ± SEM. 
 
Results  
MIR21 expression is temporally regulated during porcine cumulus oocyte complex 
maturation  
 To determine the relationship between MIR21 and its putative target, PDCD4, during 
in vitro maturation, quantitative RT-PCR and Western blot analysis were utilized to evaluate 
expression of MIR21 and PDCD4 in GV and MII stage oocytes and cumulus cells.  During 
the transition from GV to MII, MIR21 was up-regulated approximately 4-fold in oocytes (P 
= 0.001, Figure 3.1A) and approximately 25- fold in cumulus cells (P = 0.003, Figure 3.1B).  
In the same samples PDCD4 mRNA abundance was not statistically different (P = 0.34, 
Figure 3.1A).  Western blot analysis demonstrated PDCD4 protein abundance was reduced 
(P = 0.02) in oocytes during the transition from GV stage to MII arrested oocytes (Figure 
3.1B and C).  To verify this, immunostaining of individual oocytes for PDCD4 protein was 
performed and the pixel intensity was measured for each oocyte and compared between GV 
stage and MII arrested oocytes (Figure 3.2A and B).  Similar to the Western blot analysis, 
PDCD4 protein expression, as determined by immunostaining, was greatest in GV stage 
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oocytes compared with MII arrested oocytes which had 21 ± 2.1% less PDCD4 protein 
compared to GV stage oocytes. 
Gonadotropins in maturation media influence maturation rate but not MIR21 expression 
in MII arrested oocytes 
To determine the effect of gonadotropins, LH and FSH, on MIR21 expression during 
in vitro oocyte maturation, we matured COCs with and without gonadotropins.  Maturation 
rates were not different between media lacking FSH (62.7 ± 1.4%) compared with control 
maturation (61.7 ±1.2%, Figure 3. 3A).  However, progression to MII arrest was significantly 
decreased (P < 0.001) when COCs were cultured in maturation media lacking LH (47.8 ± 2.5 
%) or both FSH and LH (47.4 ± 0.9, Figure 3.3A).  MIR21 expression in MII arrested 
oocytes was not significantly different from the control and treatment groups (P = 0.68) 
although GV oocytes had significantly less (P = 0.03) MIR21 abundance compared with MII 
arrested oocytes cultured with LH and FSH or LH only (Figure 3.3B). 
 
Cumulus cells influence oocyte maturation but not MIR21 expression in MII arrested 
oocytes 
 To determine the impact of cumulus cells on MIR21 expression in the oocyte during 
in vitro maturation we compared MIR21 expression in MII arrested oocytes following 
maturation of intact COCs, denuded oocytes cultured in the presence of cumulus cells and 
denuded oocytes cultured without cumulus cells.  Maturation rate for control COCs was 58.4 
± 1.5% which tended to be greater than denuded oocytes cultured with cumulus cells (51.2 ± 
4.0%, P = 0.07).  However, denuded oocytes cultured without cumulus cells had significantly 
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lower (42.5± 2.0%) maturation rates than intact COCs (P < 0.05) and denuded oocytes 
cultured with cumulus cells (P < 0.05, Figure 3.4A).  MIR21 expression in MII arrested   
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 Figure 3.1  MIR21 expression is significantly increased in the cumulus cells of MII oocytes 
compared to cumulus cells of GV oocytes and has an inverse relationship with PDCD4 
protein in the oocyte during maturation from GV to MII.  (A)  Quantitative RT-PCR analysis 
for MIR21 and PDCD4 was compared among GV and MII oocytes (n=4). (B)  Quantitative 
RT-PCR analysis for MIR21 in GV and MII cumulus cells (n = 4).  (C) PDCD4 Western blot 
analysis. Pixel intensity was quantified with ImageJ and demonstrates a decrease in PDCD4 
protein abundance in MII oocytes compared with GV oocytes (n = 3).  (D) Representative 
Western blot of PDCD4 protein for three reps of oocytes.  
a,b
Means ± SEM with different 
superscripts are different (P < 0.05). 
 
48 
 
Figure 3.1. 
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Figure 3.2 PDCD4 immunostaining to detect protein expression demonstrated a decrease in 
PDCD4 protein during oocyte progression from GV to MII arrest.  Oocytes were co-stained 
with DAPI to visualize the nucleus and identify any remaining cumulus cells. Signal intensity 
for each oocyte was quantified using ImageJ software.  (A) Representative GV oocytes 
immunostained for PDCD4 protein (n=18 from 3 replications).  (B) Representative MII 
oocytes immunostained for PDCD4 protein (n=14 from 3 replications).  (C) PDCD4 
immunostaining intensity presented as a percentage of mean PDCD4 abundance in GV stage 
oocytes. 
 a,b
Means ± SEM with different superscripts are different (P < 0.05). 
51 
 
Figure 3.2 
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Figure 3.3 Luteinizing hormone and follicle stimulating hormone affect oocyte maturation to 
MII arrest and the lack of FSH decreased MIR21 expression in MII oocytes.  (A)  Maturation 
rates for oocytes cultured with both LH and FSH, without FSH, without LH and without LH 
and FSH. (B) MIR21 relative expression for GV oocytes and MII oocytes cultured with LH 
and FSH, without FSH, without LH and without LH and FSH.
  a,b
Means ± SEM with 
different superscripts are different (P < 0.05). 
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Figure 3.3.  
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Figure 3.4 Oocyte maturation was affected by the absence of cumulus cells; however MIR21 
expression was not affected by the presence or absence of cumulus cells.  (A) Maturation 
rates for intact COC, denuded oocytes cultured with cumulus cells, and denuded oocytes.  
(B) Expression of MIR21 in GV oocytes, and MII arrested oocytes from intact COC, 
denuded oocytes cultured with cumulus cells, and denuded oocytes. 
a,b
Means ± SEM with 
different superscripts are different (P < 0.05). 
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Figure 3.4. 
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Figure 3.5 (A) Antisense MIR21 FAM labeled PNA added to maturation media to 
demonstrate translocation of PNA during in vitro maturation into cytoplasm of cells in the 
cumulus oocyte complex (top left) and denuded oocyte (bottom right).  Exposure 1.2 sec 
(20x). (B) Control oocytes lacking detectable autofluorescence. 
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Figure 3.5.  
(A) (B) 
                     
58 
 
oocytes was not affected by the presence or absence of cumulus cells during maturation (P = 
0.82).  GV oocytes had lower MIR21 expression (P < 0.05) compared to MII arrested 
oocytes for all treatments (Figure 3.4B).   
 
Inhibition of MIR21 affects oocyte maturation and PDCD4 protein expression 
Using a fluorescent labeled PNA, we demonstrated the PNA’s ability to translocate 
into both the cumulus cell and the oocytes (Figure 3.5).  While some variability in the 
intensity of the fluorescence between oocytes existed, all oocytes exposed demonstrated a 
measurable level of fluorescence compared with oocytes treated with a non-fluorescently 
tagged PNA.  
Anti-MIR21 antisense oligonucleotides were added to maturation media during 
oocyte maturation to determine the effects of MIR21 inhibition on maturation rate and 
PDCD4 expression in MII arrested oocytes.   Consistent with results presented in Figure 3.1, 
MIR21 was significantly increased (P < 0.05) in control MII oocytes compared with GV 
oocytes (Figure 3.6A).  Mature MIR21 expression was variable between in the MIR21 
inhibited (0.2 nM) and NC-scramble (2.0 nM) oocytes but remained significantly greater 
compared to MIR21 expression in GV stage oocytes (P < 0.05, Figure 3.6A).  MII arrested 
oocytes in the presence of MIR21 inhibitor (2.0 nM) demonstrated intermediate MIR21 
expression compared to GV and MII arrested control oocytes (P = 0.13).  PDCD4 mRNA 
expression was significantly less in MII arrested oocytes compared with GV stage oocytes (P 
< 0.05, Figure 3.6B).  MII arrested oocytes from MIR21 inhibited (2.0 nM) and NC 
treatments had similar PDCD4 mRNA abundance compared to the control MII arrested 
oocytes and significantly lower expression compared to (P < 0.05) GV stage oocytes.  As  
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Figure 3.6 Oocytes cultured with MIR21 inhibitor for 42 hrs during in vitro maturation.  
Quantitative RT-PCR of MIR21 (A) and PDCD4 (B) presented as relative expression.  
Samples include untreated GV and MII oocytes, PNA treated oocytes with a MIR21 inhibitor 
at 0.2 and 2.0 nM and negative control PNA at 2.0 nM.  
a,b
Means ± SEM with different 
superscripts are significantly different (P < 0.05). 
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Figure 3.6.  
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Table 3.1 Summary of oocyte development to MII arrest and 4-cell stage of embryonic 
development at 60 hrs following parthenogenetic activation. 
Treatment group
1 
Total 
Oocytes 
Matured
2 
Percentage MII 
Arrested Oocytes
3 
Percentage 4-
cell or greater at 
60 hrs
4 
Average blastomere 
# at 60 hrs 
5 
Control 1646 55.4 ± 3.6%
a
 73.0 ± 5.7%
a 
5.8 ±1.2 (n=16) 
Negative Control 
(2.0nM) 
1136 49.0 ± 2.5%
a
 60.2 ± 15.8
ab 
6.3 ±1.4 (n=12) 
MIR21Inhibitor 
(2.0nM) 
1639 33.7 ± 3.6%
b
 41.7±12.1
b 
4.8 ±1.4 (n=12) 
a,b 
Values with different superscripts in the same column are significantly different (P < 
0.05). 
1
Treatment groups include control, NC-PNA (2.0 nM), MIR21 inhibitor (2.0 nM). 
2
Total number of GV oocytes matured for each treatment from five replications. 
3
Percentage of MII arrested oocytes from each treatment.  Mean ± SEM.  
4
Percentage of embryos achieving 4-stage or greater within 60 hours following 
parthenogenetic activation of MII arrested oocytes.  Mean ± SEM. 
5
Average number of blastomeres at 60 hrs based on a subset of embryos stained with nuclear 
stain DAPI. 
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shown in table 3.1 inhibition of MIR21 during oocyte maturation decreased (P < 0.01) the 
percentage of oocytes achieving MII arrest after 42 hrs of culture.  Oocytes cultured in the 
presence of the NC PNA (2.0 nM) had similar maturation rates compared to control  
maturation conditions (P > 0.05) and higher (P < 0.05) maturation rates compared to the 
MIR21 inhibited oocytes (Table 3.1). 
The effect of MIR21 inhibition on PDCD4 protein abundance was analyzed by 
Western blot with pools of oocytes and immunostaining of individual oocytes within each 
treatment and presented as a percentage of GV PDCD4 expression.  Western blot analysis of 
pools of 50 oocytes per sample demonstrated PDCD4 abundance was not different between 
GV and MIR21 inhibited samples (P > 0.05, Figure 3.7A and B) at both 0.2 and 2.0 nM 
concentrations.  MII arrested oocyte PDCD4 abundance was numerically lower compared to 
GV (P = 0.10) while NC-PNA (0.2 and 2.0 nM) had significantly lower (P < 0.05) PDCD4 
abundance compared to GV and MIR21 inhibited oocytes.  Immunostaining of oocytes 
demonstrated decreased (P < 0.01) PDCD4 protein expression in MII arrested oocytes 
relative to GV stage oocytes, however unlike the Western blot analysis, the MII arrested 
oocytes for the NC-scramble treatment were similar (P > 0.05) to GV stage oocytes and MII 
arrested oocytes matured in the presence of the MIR21 inhibitor at a concentration of 2.0nM 
(Figure 3.8A and B).   
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Figure 3.7 PDCD4 protein expression between samples following analysis and 
quantification of band intensity. PDCD4 expression abundance is presented relative to 
PDCD4 expression in GV oocyte samples (n=3).  From left to right: GV oocytes, control MII 
arrested oocytes, MII arrested oocytes in vitro matured in the presence of low concentration 
(0.2 nM) of the PNA MIR21 inhibitor or scrambled PNA, and  MII arrested oocytes in vitro 
matured in the presence of high concentration (2.0 nM) of the PNA MIR21 inhibitor or 
scrambled PNA.  Data are presented following normalization to the mean GV stage oocyte 
band intensity.  
a,b
Means ± SEM with different superscripts are different (P < 0.05). Inset is a 
representative Western blot of PDCD4 protein expression.   
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Figure 3.7.  
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Figure 3.8  PDCD4 immunostaining of oocytes following in vitro maturation.  (A) 
Representative images of PDCD4 immunostaining of individual oocytes (n = 55) from 3 
replicates. Oocytes were stained with DAPI (blue) to visualize nuclei of the oocyte and 
cumulus cells.   (B) Fluorescent intensity of normal MII arrested oocytes, negative control- 
PNA (2.0 nM) and MIR21-I (2.0 nM) relative to GV oocytes.   
a,b
Means ± SEM with 
different superscripts are different (P < 0.05).  
66 
 
Figure 3.8. 
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MIR21 inhibition during in vitro maturation impacts parthenogenetic embryo development 
Metaphase II arrested oocytes were parthenogenetically activated following in vitro 
maturation to test the hypothesis that MIR21 inhibition during in vitro oocyte maturation 
negatively impacts early embryo development prior to activation of the embryonic genome at 
the 4-cell stage of development.  The number of embryos achieving the 4-cell stage of 
development or greater within 60 hours post activation was significantly (P < 0.05) affected 
by MIR21 inhibition during in vitro maturation (Table 3.1). Development to the 4-cell stage 
or greater within 60 hours post activation was greatest for control oocytes (73.0 ± 5.7) 
compared with oocytes matured in the presence of a MIR21 inhibitor (41.7 ± 12.1) or in the 
presence of a negative control PNA (60.2 ± 15.8).   
 
MIR21 expression in the developing pig follicle 
 In situ hybridization of MIR21 demonstrated expression throughout the granulosa 
cells and the oocyte (Figure 3.9).  In primary follicles expression is most abundant in the 
oocyte with no detectable expression in the surrounding cells.  Secondary follicles express 
MIR21 abundantly in the oocyte as well as the surrounding cumulus cells.  MIR21 
expression in the oocyte was greatest in the tertiary follicle and the granulosa cells lining the 
follicular cavity of tertiary follicles displayed MIR21 expression throughout all cell layers. 
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Figure 3.9 In situ hybridization of MIR21 in the gilt ovaries to identify MIR21 expression 
during follicle development.  Primary and Secondary oocytes were imaged at 400x and 
tertiary follicles were imaged at 200x. MIR21 expression is green with DAPI (nuclear) 
staining in blue. 
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Figure 3.9 
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Discussion 
Despite their presence in the developing oocyte and mouse ovary (Bracken et al., 
2011; Carletti et al., 2010), miRNA expression and function during pig oocyte maturation has 
not been well characterized.  The ability of MIR21 to interact with PDCD4 leading to 
posttranscriptional gene regulation of PDCD4 protein expression in the maturing pig oocyte 
as demonstrated in this manuscript has also been described in several types of cancer cells 
(Asangani et al., 2007; Dillhoff et al., 2008; Frankel et al., 2008; Mudduluru et al., 2007; Qi 
et al., 2009; Yang et al., 2009).  The interaction between MIR21 and PDCD4 appears to be 
conserved across species as is the MIR21 target recognition sequence in the 3′UTR of human 
and pig PDCD4 are 97% similar with 100% similarity in the seed sequence. 
We hypothesized that increased MIR21 expression in the maturing cumulus oocyte 
complex is associated with posttranscriptional regulation of PDCD4 expression in the oocyte 
and that interference of MIR21 function would compromise subsequent embryonic 
development.   
 Utilizing miRNA microarray and massively parallel deep sequencing we have 
previously demonstrated the expression of numerous miRNA in the developing cumulus 
oocyte complex (Yang et al., unpublished data).  In this communication, we have further 
characterized the temporal relationship between increased mature MIR21 expression and 
decreased PDCD4 protein abundance during in vitro maturation of pig oocytes.  We 
expanded the characterization of MIR21 expression in cumulus cells and demonstrated a 
significant 25-fold increase in MIR21 expression during in vitro maturation.  This is 
consistent with data previously reported in mice demonstrating increased MIR21 expression 
in granulosa cells in response to LH (Carletti et al., 2010).  Increased MIR21 expression in 
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response to gonadotropins in mice provides a potential mechanism for the increased MIR21 
expression observed in the pig oocyte during maturation.  We tested the effects of both LH 
and FSH on MIR21 expression during in vitro maturation.  We were unable to demonstrate 
differential expression of MIR21 as a result of gonadotropins during in vitro maturation 
although oocyte maturation was decreased when LH was removed from the maturation 
media. 
An additional potential mechanism of MIR21 transport into oocytes may be the result 
of increased expression in the cumulus cells followed by transport into the oocyte.  Other 
factors have been demonstrated to be able to translocate between the maturing oocyte and the 
surrounding cumulus oophorus (Hawkins and Matzuk, 2010). Oocyte - cumulus cell 
communication is bi-directional and required for normal cumulus cell gene expression and 
oocyte maturation (Hunter et al., 2005).  Gap junctions allow the transit of molecules less 
than 1000 Da including ATP, sodium, chloride, calcium ion and cAMP (Arellano et al., 
2002; Mattioli et al., 1998). It may be possible that miRNA are transported to the oocyte 
from surrounding granulosa cells. In addition to gap junctions, small molecule transport 
between cells has also been demonstrated to occur through exosomes and other microvesicles 
that can be secreted and taken up by neighboring cells (Turchinovich et al.,2011; Wang et al., 
2010a).  This was tested as a possible mechanism of MIR21 up regulation in the oocyte by 
culturing denuded oocytes in the presence or absence of cumulus cells.  While a reduction in 
maturation rate was observed, as has been previously demonstrated (Zhang et al., 2009), 
MIR21 expression  in MII arrested oocytes was not different.  It may be possible that the 
increased expression in oocyte MIR21 occurs during the initial portion of in vitro maturation 
prior to GVBD.   
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Functionally, in vivo inhibition of MIR21 in mice ovaries reduces ovulation rate 
(Carletti et al., 2010).  We utilized a MIR21 inhibitor during in vitro maturation and 
demonstrated loss of function in the ability to suppress PDCD4 protein expression in MII 
arrested oocytes.  Metaphase II arrested oocytes matured in the presence of the MIR21 
inhibitor demonstrated reduced maturation rate and ability to achieve development to the 4- 
cell stage or greater within 60 hours following activation.  These findings taken together 
suggest the potential for MIR21 and miRNA in general to impact protein expression in the 
maturing oocyte that is also associated with developmental ability.  Oocyte maturation begins 
prior to antral follicle development and it is unclear when MIR21 activation occurs or what 
mechanism underlies this observation.  We observed large variation between GV oocytes and 
MII arrested oocytes which may be a reflection of oocyte quality or other factors prior to 
IVM.  There was a limited response with gonadotropin and cumulus cell treatments on 
MIR21 expression.  The COCs we collect from 3-5 mm antral follicles prior to GVBD may 
be capable of transcribing primary MIR21 (pri-MIR21) transcript that can be further 
processed into mature MIR21 during maturation.  Additionally, while not examined in this 
study, future analysis of pri-MIR21 abundance prior to and during oocyte maturation may 
yield insight into the mechanisms contributing to the current observations.   
Several promoters have been identified upstream to the pri-MIR21 transcription start 
site, containing predicted consensus sequences for binding of AP-1 and signal transducer and 
activator of transcription 3 (STAT3) (Fujita et al., 2008a). In cancer, the interaction between 
MIR21 and PDCD4 is necessary for maximal AP-1 activation.  AP-1 activation is suppressed 
by PDCD4, however, AP-1 induction of MIR21 and subsequent posttranslational regulation 
of PDCD4 allows further and more sustained AP-1 activation (Fujita et al., 2008a; Talotta et 
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al., 2009b).  Phorbol 12-myristate 13-acetate (PMA) induced transcription of both TMEM49 
and MIR21 through AP-1 action (Fujita et al., 2008a), however, STAT3 has also been 
documented to induce pri-MIR21 transcription (Loffler et al., 2007). It is possible that 
STAT3 could be related to the expression of MIR21 during oocyte maturation and early 
embryo development. Leptin (an adipokine) has been demonstrated to increase STAT3 
expression during bovine embryo culture and is associated with reduced apoptosis in bovine 
blastocysts (Boelhauve et al., 2005).  In addition, leptin has been shown to increase STAT3 
expression in both cumulus cells and oocytes during in vitro maturation and enhance the 
oocytes ability to complete meiosis (Paula-Lopes et al., 2007).   
 We evaluated the potential relationship between MIR21 and PDCD4 during in vitro 
maturation of the porcine oocyte.  Other potential targets of MIR21 include phosphatase and 
tension homolog (PTEN) (Meng et al., 2007) which is expressed in the cumulus oocyte 
complex (Reddy et al., 2008). PTEN has been shown to be involved in PI3K signaling in 
oocytes during follicle recruitment (Jagarlamudi et al., 2009; Reddy et al., 2008).   
In summary we have demonstrated that MIR21 and PDCD4 have a reciprocal, 
temporal relationship during oocyte maturation, and that inhibition of MIR21 results in an 
increased abundance of PDCD4 protein.  MIR21 expression in MII oocytes matured in vitro 
was not affected by gonadotropins or the presence of cumulus cells during in vitro 
maturation.  It is possible that MIR21 expression increases in the oocyte earlier during oocyte 
activation or early maturation prior to GVBD and warrants further investigation (Figure 3.9).  
Obtaining an understanding of MIR21 and its mechanism is necessary to further understand 
molecular regulation of oocyte maturation and early embryo development.  Understanding 
molecular mechanisms of early embryo development will provide a more comprehensive 
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understanding of mammalian reproduction that can be fundamental in developing strategies 
to improve reproductive efficiency. 
The expression of MIR21 in the maturing follicle and ovary has led us to develop the 
following mechanism for MIR21 function in the pig oocyte (Figure 3.10).  MIR21 is 
expressed in primary follicles and the expression increased in the secondary follicle and 
includes MIR21 expression in both the oocyte and cumulus cells.  In the tertiary follicle 
MIR21 expression is greatest in the oocyte albeit still expressed throughout the granulosa 
cells within the follicle.  GV oocytes collected from tertiary follicles between 2-6 mm in 
diameter express abundant PDCD4 protein and MIR21compared to MII arrested oocyte 
which displayed a decrease in PDCD4 protein and an increase in MIR21 expression.  This 
relationship between MIR21 and PDCD4 in the oocyte is important to block PDCD4 induced 
cell apoptosis.  Therefore the increase in MIR21 is important to suppress PDCD4 translation 
for oocyte maturation.  
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Figure 3.10 Proposed mechanism of MIR21 function in the developing follicle and maturing 
oocytes.  MIR21 is expressed in the primary follicle and this expression increases in the 
oocyte and the surrounding cumulus cells in the secondary follicle. Expression of MIR21 
increases even more in the oocyte of the tertiary follicle and MIR21 is also expressed in the 
theca and granulosa cell layers within the follicle.  A GV stage oocyte has increased PDCD4 
and low MIR21 compared to the MII arrested oocyte which has an increase in MIR21 and a 
decrease in PDCD4.  This mechanism suggests MIR21 blocks PDCD4 function to prevent 
cell apoptosis. 
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Figure 3.10 
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Abstract 
 
 Seasonal infertility related to elevated temperatures has a detrimental impact on the 
reproductive efficiency of sows throughout the United States.  Heat stress prior to ovulation, 
at the time of breeding, has been demonstrated to decrease conception rates and litter size 
indicating the oocyte may be affected thus altering embryonic development in the sow.  The 
objective of the present study was to identify differentially expressed heat stress markers in 
metaphase II arrested oocytes and 4-cell stage embryos that could be used to develop 
mitigation strategies to deter the detrimental effects of elevated temperatures during oocyte 
maturation.  Coding and non-coding RNAs were selected as oocyte and embryo markers to 
detect a transcriptional response to heat stress.  During in vitro maturation, cumulus oocyte 
complexes were subjected to four environmental conditions: in vitro maturation at 39
o
C for 
42 h (control), in vitro maturation for 42 hours at 41.0
o
C, (HS1); in vitro maturation for 21 
hours at 39.0
o
C followed by 21 hours at 41.0
o
C, treatment 4 (HS2); in vitro maturation for 21 
hours at 41.0
o
C followed by 21 hours at 39.0
o
C (HS3).  The timing and duration of heat 
stress was reflected in reduced maturation rates, decreased developmental competency of 
embryos and altered expression of heat stress and developmental competency markers.  HS1 
oocytes had the most significant decrease in developmental capacity and blastocyst 
development; which was reflected in transcriptional changes in expression of MIR21, 
PDCD4 and HSP90α at the 4-cell stage of development.  These data demonstrate a temporal 
relationship between MIR21 and its mRNA target PDCD4 in 4-cell stage embryos produced 
from HS1 oocytes.  Significant changes in MIR21 expression in 4-cell embryos suggests it 
may serve as a molecular marker of developmental competence following heat stress during 
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oocyte maturation.  In addition to MIR21, HSP90A expression was greatest in the 4-cell 
embryos produced from HS1 oocytes while PDCD4 mRNA expression was the least in these 
embryos.  This pattern could be used as a measure of the negative effects of heat stress to 
evaluate translational responses which could provide tools for improving survival or response 
to heat stress in oocytes during maturation.  These gene expression patterns at the 4-cell stage 
provide evidence that the embryo is capable of responding to heat stress the oocyte 
experiences prior to ovulation and fertilization.  This data provides clues to molecular 
markers and biological mechanisms which could be used to mitigate the effects of heat stress 
on female gamete production.  
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Introduction 
Seasonal infertility associated with elevated temperature is a critical barrier to 
sustaining and improving production efficiency in the swine industry in the United States.  
Elevated ambient temperatures have been associated with a decrease in litter size, farrowing 
rates and decreased overall production (Edwards et al., 1968; Omtvedt et al., 1971).  
Impaired oocyte or early embryo maturation due to thermal stress may be associated with 
changes in molecular markers which could provide insight into the mechanisms of seasonal 
reproductive loss due to elevated ambient temperatures.  Identification of molecular markers 
that respond to elevated temperatures in the maturing oocyte that have an effect on early 
embryo development could provide tools to enhance reproductive efficiency during thermal 
stress. 
Evidence that heat stress may impact not only early embryo development but possibly 
oocyte maturation has been demonstrated with previous in vitro models of heat stress during 
embryo development.  A nine hour culture of pig embryos at 42°C following IVF 
significantly decreased blastocyst formation rates from 20.6% to 8.8% (Isom et al., 2007). 
Heat stress for only 4 hrs at 41.5°C  also reduced the developmental capabilities of 
parthenogenetically activated oocytes (Tseng et al., 2006).  Sows exposed to heat stress for 5 
days beginning at day 0 of the estrous cycle also showed a significant reduction in the 
number of viable embryos after 27 days of gestation with only 6.8 (39.1%) viable embryos 
present compared with 11.0 (68.8%) in the controls (Tompkins et al., 1967).   Breeding 
generally occurs around the time of ovulation which typically occurs in the mid to latter half 
of the estrus phase of the estrous cycle (Soede et al., 1992).  Heat stress during days 0 to 5 of 
the estrous cycle likely had an effect on the oocyte prior to fertilization.  Gilts exposed to 
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heat stress on either 0 to 8 or 8 to 16 days of gestation also had a reduced number of viable 
embryos per gilt compared with controls on days 30 to 36 of gestation and pregnancy rate 
was decreased to 57% in gilts exposed to heat stress on days 0 to 8 of gestation (Omtvedt et 
al., 1971). 
Embryonic development following fertilization is largely dependent on the presence 
of maternal expression and storage of mRNAs and proteins in the oocyte until activation of 
the embryonic genome at the 4-cell stage (Schoenbeck et al., 1992; Tomanek et al., 1989).  
Approximately 3237 genes are detected at statistically different abundances between 
germinal vesicle oocytes and 4-cell stage embryos in the pig (Whitworth et al., 2005b).  
Depletion of the maternal stores of mRNAs is partially controlled via the 3′UTR of the 
expressed transcripts (Brevini et al., 2006; Tadros and Lipshitz, 2005).   MiRNAs are 18-24 
nt long non-coding RNAs which interact with the 3′UTR of a target mRNA to mediate post-
transcriptional gene expression (Bartel, 2004).  Many miRNA have been identified as 
mediators of cellular stress response via robust gene expression suppression (Wilmink et al., 
2010).  The interaction of the mature miRNA and target mRNA results in a post-
transcriptional gene silencing (PTGS) via translation inhibition or degradation of the target 
mRNA and in some cases chromatin silencing via methylation (Bartel, 2004; Chen and 
Meister, 2005).  Dicer, the enzyme required for miRNA production has been shown to be 
present in mice and zebrafish (Murchison et al., 2007; Reddy et al., 2008; Wienholds et al., 
2005).  Furthermore a knockout mouse model confirmed that dicer expression is required for 
early embryonic development (Bernstein et al., 2003).  MiRNA have been predicted to confer 
PTGS to a few or more than 800 mRNAs based on recognition sites in the 3′UTR (Brennecke 
et al., 2005; Rajewsky, 2006).  Therefore alterations of only a few miRNA during embryonic 
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development could result in significant changes in transcript and protein abundance which 
may impact embryo viability. 
In vivo and in vitro heat stress models have shown heat stress to be detrimental to 
embryonic development in the pig however the specific effects of heat stress during oocyte 
maturation on RNA expression of subsequently produced embryos developed in thermal 
neutral condition have not been defined.  Our hypothesis is that despite appearing 
phenotypically similar, 4-cell embryos produced from oocytes exposed to HS during in vitro 
maturation (IVM) will demonstrate altered gene expression and have a reduced ability to 
develop to the blastocyst stage.  The objective of this study is to define expression changes in 
coding and non-coding RNA molecules during oocyte maturation and embryonic 
development in response to elevated temperatures during oocyte maturation.  The 
development of such a model of heat stress during oocyte maturation will be useful in 
identifying markers that can be utilized in characterization of heat stress in swine and the 
effectiveness of mitigation strategies. 
 
Materials and Methods 
Oocyte Collection and In vitro Maturation 
Sow ovaries were obtained from an abattoir and transported to the laboratory in a 
thermos maintained at 30-35˚C. Antral follicles (3-6 mm) were aspirated by using an 18-
gauge needle attached to a 10 mL disposable syringe. The cumulus-oocyte complexes 
(COCs) with multiple layers of intact cumulus cells and uniform ooplasm were selected for 
GV oocyte collection or maturation. In vitro maturation was accomplished by culturing COC 
for 42 h in maturation media (TCM 199 medium (Gibco BRL, Grand Island, NY) 
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supplemented with 0.1% polyvinyl alcohol (PVA) (w/v), 3.05 mM D-glucose, 0.91 mM 
sodium pyruvate, 1 μg/mL gentamicin, 0.57 mM cysteine, 0.5 μg/mL luteinizing hormone, 
0.5 μg/mL follicle-stimulating hormone, and 10 ng/mL epidermal growth factor) in 5% CO2. 
During in vitro maturation, cumulus oocyte complexes were subjected to four environmental 
conditions: In vitro maturation at 39
o
C for 42 hrs (control), in vitro maturation for 42 hrs at 
41.0
o
C, (HS1); in vitro maturation for 21 hrs at 39.0
o
C followed by 21 hrs at 41.0
o
C, 
treatment 4 (HS2); in vitro maturation for 21 hrs at 41.0
o
C followed by 21 hrs at 39.0
o
C 
(HS3). Following in vitro maturation, matured COCs were separated from oocytes by 
vortexing the COCs in 0.1% hyaluronidase in Hepes-buffered Tyrode medium containing 
0.01% PVA. 
  
In vitro fertilization and Culture 
In vitro fertilization and embryo culture was performed as previously described (Zhao 
et al., 2009). Briefly, oocytes with a polar body following in vitro maturation were rinsed and 
transferred into equilibrated 50 μL droplets of mTBM medium (modified Tris-buffered 
medium) plus 2mM caffeine and 2mg/ml BSA (bovine serum albumin) with around 35 
oocytes per drop. Fresh Duroc boar semen was rinsed twice using Dulbecco phosphate 
buffered saline (DPBS) plus 1 mg/ml BSA and diluted to a concentration of 1 × 10
6
 cells/ml 
using mTBM medium plus caffeine and BSA. Fifty microliters of the sperm sample was 
added to the droplets with oocytes to give a final sperm concentration of 0.5 × 10
6
 cells/ml 
followed by incubation for approximately 5 hours at 39°C in 5% CO2. Following 
fertilization, oocytes were washed and cultured in 500 μl of porcine zygote maturation media 
3 (PZM3) in four-well Nunclon dishes (Nunc) at 39.0°C in 5% CO2.  
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Quantitative RT-PCR 
Quantitative RT-PCR was used to analyze the expression of specific putative markers 
of oocyte and embryo quality and response to heat stress.  MIR21 and programmed cell death 
4 (PDCD4) were measured to determine effects on cell cycle regulation, viability and 
apoptosis. Heat shock factor 1 (HSF1) and heat shock protein 90A (HSP90A) mRNA was 
measured to determine response to heat stress by the oocyte.  Small pools of 25 MII oocytes 
or embryos (n=4) were collected from each treatment and all markers were measured within 
the same group and time point. Statistical differences in gene expression between treatments 
in MII arrested oocytes and 4-cell stage embryos were determined using the MIXED 
procedure in SAS. 
 
Statistical Analysis 
PROC MIXED of the Statistical Analysis System was used to determine statistical 
differences of all data including percentage maturation and differences in CT value for RT-
PCR data.  Significance (P < 0.05) was determined for the model and least-square means was 
used to determine significant differences between treatment samples (control, HS1, HS2, and 
HS3).  The effect of heat stress treatment on MIR21, PDCD4, HSF1, and HSP90A was 
determined using CT value.  Replication was included as a covariate.  Data are displayed as 
relative expression means ± SEM (n=4).  Percentage graphs are set to reflect the GV stage as 
100% expression and all other treatments are relative to GV. 
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Results 
Oocyte maturation and blastocyst rate are influenced by heat stress. 
A total of 667, 698, 697 and 716 cumulus oocyte complexes were in vitro matured for 
control, HS1, HS2 and HS3 treatment conditions, respectively.  Control oocytes 
demonstrated the highest maturation rate (71.2 ± 3.7%).  This was not different from HS2 
(70.2 ± 0.7 %) but was significantly greater than HS1 (55.1 ± 6.3 %) and HS3 (54.0 ± 6.2 %) 
(Figure 4.1) suggesting that oocytes experiencing HS during the early stages of oocyte 
maturation are more tolerant of heat stress than those exposed to heat stress during later 
stages of oocyte maturation or for the duration of in vitro maturation.   
Following in vitro fertilization and development, the percentage of MII arrested 
oocytes producing embryos capable of development to the four cell stage within 60 hrs was 
not different between treatments despite being numerically lower in oocytes from the HS1 
(Control, 51.3 ± 6.2%; HS1, 38.3 ± 4.4%; HS2, 48.2 ± 6.3%; HS3, 52.0 ± 8.6%) (Table 4.1, 
Figure 4.2).  However, of the embryos capable of developing to the 4-cell stage, those 
capable of continued development to the blastocyst stage was significantly affected by 
exposure to heat stress during in vitro maturation (Table 4.1, Figure 4.3).  Control embryos 
produced the greatest number of blastocysts on Day 6 as a percentage of 4-cell embryos at 60 
hours post fertilization (29.4 ± 4.5%) compared to other treatments (HS1, 1.6 ± 1.1%, HS2, 
13.3 ± 1.0%; HS3, 21.6 ± 3.8%).  Heat stress during the entire 42 hour period of in vitro 
maturation significantly impaired the ability of the embryo to develop to the blastocyst stage.  
However, the negative impact of the heat stress appears to primarily take effect during the 
first 21 hours of in vitro maturation as developmental ability, as measured by blastocyst 
formation rate, is significantly lower in HS2 compared to HS3 (P < 0.001). 
86 
 
Figure 4.1 Maturation rates for MII development of oocytes heat stressed during IVM.  Heat 
stress during oocyte maturation has a negative effect on HS1 and HS3 groups.  This data 
suggests that heat stress during the first 21 hrs of oocyte maturation has a greater effect than 
heat stress during the last 21 hrs of maturation. Control and HS2 had similar maturation rates 
(approximately 70%) while HS1 and HS3 were significantly lower (P = 0.01). 
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Figure 4.1 
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Figure 4.2 Percentage of IVF embryos produced from oocytes heat stressed during IVM, 
which developed to >4-cell stage at 60 hrs post fertilization. MII arrested oocytes from each 
heat stress treatment were used for IVF to determine the developmental ability of heat stress 
oocytes.  Embryos with 4 or more blastomeres of equal size were counted at 60 hrs post 
fertilization to determine the effect of heat stress during IVM on developmental competency.  
All heat stress treatment groups were able to develop to the 4-cell stage by 60 hrs at a similar 
rate (P= 0.33).   
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Figure 4.2 
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Figure 4.3 Percent blastocyst development from oocytes heat stressed during IVM. Heat 
stress during the last half of oocyte maturation causes a significant decrease in blastocyst 
development.  Less than 2% of HS1 oocytes were able to develop to the blastocyst stage 
indicating heat stress throughout oocyte maturation had the most significant effect on early 
embryo development.  HS2 blastocyst rate (15%) was half that of the control (30%) which 
demonstrates that heat stress in the last half of oocyte maturation had a negative effect on the 
ability of those oocytes to develop to the blastocyst stage. 
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  Figure 4.3 
  
0%
5%
10%
15%
20%
25%
30%
35%
Control HS1 HS2 HS3
P
er
ce
n
t 
B
la
st
o
cy
st
s 
Heat stress treatment 
Blastocyst development  
a 
b 
c 
a 
92 
 
Characterization of gene expression in MII arrested oocytes and 4-cell stage embryos 
following in vitro maturation 
MicroRNA-21 (MIR21) and programmed cell death 4 (PDCD4) mRNA 
The expression of MIR21 and its mRNA target PDCD4 had an inverse relationship in 
MII arrested oocytes and 4-cell embryos after heat stress during IVM.  Mature MIR21 
expression was increased in MII-arrested oocytes in HS2 and HS3 treatments compared to 
HS4 (P < 0.05) but not significantly different from HS1 (P > 0.05, Figure 4.4A).  PDCD4 
mRNA expression was not significantly different in MII-arrested oocytes between the heat 
stress treatments (P = 0.35, Figure 4.4B).   
In 4-cell stage embryos produced from oocytes for each treatment, mature MIR21 
expression was similar between control, HS2 and HS3 (P = 0.53) and significantly greater in 
embryos from HS1 oocytes (P = 0.02, Figure 4.5A).  However, PDCD4 mRNA expression 
in 4-cell embryos was increased in those embryos produced from HS1 oocytes compared to 
embryos produced from control, HS2 and HS3 oocytes (P = 0.03, Figure 4.5B).   
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Figure 4.4 MIR21 and PDCD4 mRNA expression in heat stressed MII arrested oocytes.  (A) 
MIR21 expression in MII arrested oocytes was greater in HS1 and HS2 compared to HS3 (P 
< 0.05) but not significantly different from control (P < 0.05).  (B) PDCD4 mRNA 
expression was increased (P < 0.05) in the control oocytes relative to the heat stress groups.  
PDCD4 mRNA was not significantly different among the heat stress treatments (P = 0.35).  
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Figure 4.4 
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Figure 4.5 MIR21 and PDCD4 mRNA expression in 4-cell embryos derived from oocytes 
heat stressed during IVM.  (A) MIR21 expression in 4-cell stage embryos was similar for 
control, HS2 and HS3 (P > 0.10) although expression was significantly decreased in 4-cell 
embryos derived from HS1 oocytes (P = 0.02).  (B) PDCD4 expression was increased (P < 
0.05) in 4-cell embryos produced from HS1oocytes compared to HS2 and HS3 oocytes. 
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Figure 4.5 
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Heat Shock Markers 
To measure a direct effect of heat stress on the oocytes during in vitro maturation, 
heat shock factor 1 (HSF1) and heat shock protein 90A (HSP90A) mRNA were measured in 
all treatments.  HSF1 was not significantly different (P = 0.18) in MII stage oocytes for all 
heat stress treatments (Figure 4.6A).  HSF1 was also not different (P = 0.50) between 
treatments among embryos at the 4-8 cell stage (Figure 4.6B). Similarly, HSP90A mRNA 
was not different (P = 0.41) in MII oocytes for all heat stress treatments (Figure 4.7A), 
however, in 4-8 cell stage embryos, HSP90A mRNA expression was affected by treatment 
(P< 0.05) with lowest expression in control embryos and greatest expression in embryos 
produced from HS1 oocytes (Figure 4.7B). 
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Figure 4.6 Heat Shock Factor 1 mRNA expression was not different in heat stressed oocytes 
or IVF embryos produced from heat stressed oocytes. (A) Heat shock factor 1 was not 
significantly different in MII stage oocytes for all heat stress treatments (P = 0.18). (B) Heat 
shock factor 1 was also similar between all treatments among embryos at the 4-cell stage (P 
= 0.50). 
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Figure 4.6 
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Figure 4.7 Heat Shock Protein 90α mRNA expression in MII arrested oocytes and 4-cell 
embryos following heat stress during IVM.  (A) Heat shock protein 90α was not significantly 
different in MII oocytes for all heat stress treatments (P = 0.41).  (B) Heat shock protein 90α 
mRNA expression was lowest in embryos produced from control IVM conditions and 
greatest in the HS1oocyte maturation treatment (P < 0.05). 
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Figure 4.7 
(A) 
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Discussion 
 Heat stress has been shown to have detrimental effects on early embryo development 
prior to activation of the zygote genome and suppresses embryo viability (Alliston et al., 
1965; Tseng et al., 2006).  Heat stress at the time of breeding or shortly after fertilization 
reduces conception rates, blastocyst development and litter size (Edwards et al., 1968; Isom 
et al., 2007; Omtvedt et al., 1971).  Developing a fundamental knowledge of the effects of 
heat stress on the female gamete is essential to fully characterizing the negative impact heat 
stress has on reproductive efficiency in pigs. 
Our in vitro model of heat stress during oocyte maturation enabled the quantitative 
measurement of response to heat stress and demonstrated the effects on molecular factors 
that are associated with developmental competency.  All oocytes subjected to heat stress in 
our model were able to develop to MII although heat stress significantly reduced maturation 
for HS1 and HS3 groups.  Gene expression differences between control and heat stress 
treatments were observed although MII oocytes were phenotypically similar for all 
treatments.   
Transcription of mRNA is halted at germinal vesicle breakdown and does not resume 
until activation of the zygote genome at the 4-cell stage in pigs.  HSP90A mRNA was 
greatest in 4-cell stage embryos from HS1 oocytes indicating that a transcriptional response 
to heat stress may have been initiated prior to GVBD and transcriptional silencing.  MIR21 
abundance was also highest in HS1 group at the 4-cell stage of embryo development and may 
partially explain PDCD4 mRNA expression differences, being the lowest in 4-cell embryos 
derived from HS1 oocytes.  The regulation of PDCD4 by MIR21 has been well documented 
in many cell lines (Asangani et al., 2007; Fujita et al., 2008b; Lu et al., 2008; Talotta et al., 
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2009a) including the pig oocyte (see chapter 3.).  The MIR21:PDCD4 interaction previously 
described in the oocyte suggests that MIR21 is suppressing translation of PDCD4 as PDCD4 
protein abundance decreased although no difference in mRNA abundance was observed.  In 
this study, MIR21 expression is least abundant at the 4-cell stage in HS1 while PDCD4 
mRNA is concomitantly elevated.  The lack of MIR21 abundance suggests a decreased 
ability for the embryo to regulate PDCD4.  PDCD4 mRNA, if translated, may contribute to a 
higher incidence of apoptosis of the developing embryo resulting in diminished blastocyst 
development.  The relationship observed in this study suggests that during heat stress MIR21 
expression in HS2 and HS3 may be up regulated to mediate survival of the embryos by 
suppressing PDCD4. 
During oocyte maturation MIR21 increases from GV to MII arrest while PDCD4 
protein translation is repressed resulting in decreased PDCD4 protein in MII arrested oocytes 
(Chapter 3).  Data in the mouse ovary suggests that inhibiting MIR21 has no effect on 
PDCD4 mRNA or protein abundance but does cause a decrease in the number of oocytes 
ovulated and induces apoptosis in granulosa cells in culture (Carletti et al., 2010).   
The ovarian hormone profile was affected by heat stress in an in vitro study which 
demonstrated that progesterone and estradiol release increased in swine ovaries cultured at 
41.5°C compared to 37.5°C (Sirotkin and Kacaniova, 2010).  Leptin synthesis and activity 
was decreased in pig ovaries resulting in decreased IGF-1 and progesterone in an in vitro 
heat stressed model (Narayansingh et al., 2004).  Hormone receptor abundance for both 
progesterone and estrogen are decreased in the rat ovary when heat shock protein 70 is over 
expressed in cystic rat follicles (Salvetti et al., 2009).  These studies taken together suggest 
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that heat stress in the ovary effects hormone profiles that could impact gene expression and 
miRNA such as MIR21.  
HSF1 is a primary regulator of several genes that encode heat shock proteins, plays a 
role in mediating cell homeostasis, and is highly expressed in the oocyte (Christians et al., 
2000; Metchat et al., 2009).  HSP90A has been shown to be regulated by HSF1 in the mouse 
oocyte and this regulation is necessary for the normal progression of meiosis (Metchat et al., 
2009).  Changes to normal HSF1 expression in the oocyte may cause post fertilization 
abnormalities (Christians et al., 2000). Heat stress during oocyte maturation did not 
significantly affect HSF1 mRNA in our samples; however, HSP90A, known to be regulated 
by HSF1, was greater in 4-cell embryos from HS1 oocytes.  This data suggests that HSF1 
and HSP90A may not be major responders to heat stress in the maturing oocyte.  
Alternatively, expression of these markers and others may be partially regulated by post 
transcriptional gene regulation in the oocyte during maturation.   
 Elevated body temperatures at the time of breeding and the following days up to 
implantation causes a reduction in conception rates and viable embryos (Edwards et al., 
1968; Omtvedt et al., 1971).  The model for heat stress used in this study has demonstrated 
that heat stress during oocyte maturation alters the gene expression of 4-cell stage embryos.  
The genes we studied are important regulators of developmental competence, cell 
proliferation and viability (Bierkamp et al., 2010;Carletti et al., 2010;Chan et al., 2005; 
Metchat et al., 2009).  The differences in expression of specific molecules in the oocyte and 
early embryo demonstrated in this study may be useful markers for demonstrating the 
effectiveness of strategies to mitigate the effects of heat stress on swine reproduction. 
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 This heat stress model can be used to identify the normal markers for oocyte 
maturation and early embryo development as well as those affected by heat stress during 
IVM.  Evaluating molecular markers in MII arrested oocyte and 4-cell embryos that are 
differentially expressed between heat stressed and control treatments will provide insight into 
gene expression that is required for normal maturation compared to impaired maturation.  
The similar phenotype of the 4-cell stage embryos obtained at 60 hours demonstrated that 
appearance of the developing early embryo is not indicative of the embryo’s ability to 
develop to the blastocyst stage.  Therefore this model could be used to identify markers 
within the normally developing embryo which could be used as markers of viability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
106 
 
CHAPTER V 
 
MiRNA Expression during Rapid Trophoblastic Elongation of the Porcine Conceptus 
 
Authors: Wright, E.C., Yang, C., Du, Z.Q., Rothschild, M.F., Ross J.W. 
 
Department of Animal Science and Center for Integrated Animal Genomics, Iowa State 
University, Ames, IA 50011. 
 
Author Contributions: 
Elane C. Wright – Sample collection, Library construction, Authored manuscript 
Cai-Xia Yang – Sample collection, Library construction  
Z.Q. Du – Library analysis, Sequence data analysis 
Max F. Rothschild – Principal Investigator of collaborating laboratory 
Jason W. Ross – Principal Investigator, Experimental design, Sample collection  
107 
 
Abstract 
 During the peri-implantation stage of pregnancy, porcine conceptuses undergo a 
rapid morphological rearrangement of their trophectoderm and initiate contact with the 
uterine endometrium to establish an initial interface necessary in the formation of a diffuse 
epithelialchorial placenta.  Numerous mRNA molecules are differentially expressed during 
this dynamic period of conceptus growth.  To better understand mechanisms of post 
transcriptional gene regulation during this process we conducted massively parallel deep 
sequencing of small RNA during conceptus elongation and the initial phase of uterine 
attachment. Total RNA from day 12 spherical (8-10 mm; D12S), day 12 filamentous (>100 
mm; D12F) and day 14 filamentous (D14F) conceptuses was isolated and subjected to small 
RNA library construction using the Small RNA Expression Kit. The libraries were then 
subjected to deep sequencing analysis using the SOLiD sequencing system. Sequence reads 
were mapped to the pig genome to determine the number of miRNA reads for each stage of 
development. Total reads for each library and frequency of each miRNA within libraries was 
determined.  Based on the frequency within a library, we identified differentially expressed 
miRNA utilizing RT-PCR.  During the transition from D12S to D12F, MIR301a, and MIR-
200a were increased in abundance while MIR-23b, MIR-342, MIR-30a and MIR-10a were 
among those most abundantly expressed in D14F compared to earlier stages of development.  
These data demonstrate expression of numerous non-coding RNA markers of rapid 
trophoblastic elongation in the pig. 
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Introduction 
During the peri-implantation stage of pregnancy, porcine conceptuses undergo a rapid 
morphological rearrangement of their trophectoderm and initiate contact with the uterine 
endometrium to establish an initial interface necessary in the formation of a diffuse 
epithelialchorial placenta.  Numerous mRNA molecules are differentially expressed during 
this dynamic period of conceptus growth (Blomberg et al., 2005; Ross et al., 2009).  One 
potential mechanism of regulating transcript turnover and protein expression during this 
stage of embryonic development is non-coding RNA.  MiRNA, one class of non-coding 
RNA, are significant regulators of gene expression via posttranscriptional gene regulation 
(PTGR) (Bartel et al., 2004).  MicroRNA interact with the 3' UTR of mRNA and impact 
protein expression through translation inhibition or mRNA degradation (Zamore et al., 2005; 
Bartel et al., 2004; Bracken et al, 2011;Friedman et al, 2009).  Early fetal development may 
involve more than 10,000 genes (Niemann and Wrenzycki, 2000) for which the temporal and 
spatial regulation must be tightly controlled  for normal development.  The majority of 
prenatal embryonic loss in the pig is thought to occur between 12 and 18 days of gestation 
during conceptus elongation and implantation (Anderson, 1978).   
The pig blastocyst is unique in the speed and extent to which it elongates from a 
spherical to ovoid to tubular and finally to a filamentous stage before implantation (Geisert et 
al., 1982).  The trophoblast expands to increase placental surface to maximize 
maternal:conceptus nutrient exchange during gestation (Stroband and Van der Lende, 1990). 
The pig conceptus morphologically changes within hours whereas other domestic livestock 
species such as the cow or ewe take days for the conceptus to elongate and establish its space 
in the uterus.  The pig conceptus elongates from ovoid (<10 mm) to filamentous (>150 mm) 
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in about 4 hrs between day 11 and 12 of gestation (Anderson, 1978; Geisert et al., 1982). The 
developing embryo must signal its presence by the synthesis of estrogen on or around day 12 
of gestation therefore steroidogenic genes must be activated and regulated (Guthrie, 1975; 
Perry et al., 1973).  Interleukin 1-β (IL1B), an inflammatory response molecule is also up 
regulated in the conceptus (Ross et al., 2003). Both steroidogenesis and immune response 
require activation of many pathways which could be regulated by miRNA.  Targets could 
include mRNAs for estrogen receptors and mRNAs within the steroid synthesis pathways.  
The estrogen driven network which integrates with the IL1B network and others during 
ovoid to tubular transition indicates a vast web of genes that are essential for normal 
conceptus elongation (Blomberg et al., 2008).  
Conceptus elongation in the pig is asynchronous and embryos that develop slowly 
have a greater probability of dying (Bazer et al., 1993).  This indicates that the temporal and 
spatial regulation of mRNAs and protein essential to cell differentiation, migration and 
transformation is complex and it is possible that several miRNA play vital roles in the 
regulation of conceptus elongation.  We hypothesize that numerous miRNA are differentially 
expressed during conceptus elongation in the pig. 
 Identification and analysis of miRNA expression during rapid trophoblastic 
elongation is important for developing a biological understanding of PTGR in the developing 
pig conceptus during a critical period of pregnancy establishment.  We conducted massively 
parallel deep sequencing of small RNAs during conceptus elongation and the initial phase of 
uterine attachment to identify small RNA expression patterns during this stage of 
development.   
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Materials and Methods 
Research was approved by the Institutional Animal Care and Use Committee at Iowa State 
University.   
 
Conceptus Collection 
Forty-five cyclic multiparous sows were checked for estrus behavior daily and 
artificially inseminated at the onset of estrus and again 24 hours later.  Sows were 
hysterectomized on day 12 and 14 of gestation.  Uteri of pregnant sows were flushed with 20 
mL sterile saline into a sterile petri dish and conceptuses were counted, collected and sorted 
by morphology on day 12 (spherical (8-10 mm), tubular (20-80 mm) and filamentous (> 
100mm)). All conceptuses from D14 were filamentous and the number of conceptuses was 
estimated based on the size of the conceptus mass and number of corpora lutea. Each litter 
was divided among cryogenic vials according to morphology, and frozen in liquid nitrogen 
and stored at -80°C until analysis.   
 
RNA Extraction 
 RNA was extracted using miRVana™ miRNA Isolation Kit (Ambion) for each 
sample per manufacturer’s recommendations.  Briefly, RNA extraction was performed as 
follows: 600 µL of lysis buffer was added to each sample mixed by vortex, 60 µL of 
homogenate solution was then added and the sample was vortexed again and placed on ice 
for 10 minutes.  Following 10 minutes on ice, 600 µL acid phenol:chloroform was added and 
the sample was vortexed for 60 sec before centrifugation at 11000 RPM for 5 min.  The 
upper phase containing the RNA was moved to a new tube and 750 µL of 100% ethanol was 
111 
 
added and mixed by pipetting.  Then 700 µL was added to a filter and centrifuged at 10,000 
RPM for 15 sec, remaining solution was added to the filter and centrifugation was repeated 
and flow through was discarded after each step.  The filter, containing bound RNA, was then 
washed with 700 µL miRNA wash solution and centrifuged 15 sec followed by 2 washes 
with 500 µL of wash solution.  The filter was dried by centrifugation at 10,000 RPM for 1 
minute.  RNA was then eluted in 25 µL and 75 µL of 95°C nuclease free water.  RNA quality 
and quantity were determined using Agilent 2100 Bioanalyzer (Agilent, Waldbronn, 
Germany) and Nanodrop 1000 Spectrophotometer (Thermo Scientific, MA, USA).  Samples 
were diluted to 2 µg/ µL each and a pool of each morphological phenotype was created for a 
total of 8 µg/µL of each conceptus stage of elongation and 1µg was used per library. 
 
Library Construction for SOLiD Sequencing 
The three stages of conceptus development D12S, D12F and D14F were used to construct 
barcoded small RNA libraries (SOLiD™ Small RNA Expression Kit, Ambion) according to 
the manufacturer’s protocol with minor modifications (Figure 5.1.,Yang et al., 2012).  
Samples were ligated with adaptor mix A, to yield the template for the SOLiD sequencing 
from the 5' end of the sense strand. Ligation consisted of Adaptor A mix (provided in kit; 2 
µL), hybridization solution (3 µL) RNA sample (2 µL) and nuclease free water (1 µL). 
Samples were then placed in a thermal cycler for 10 min at 65°C followed by 5 min at 16°C.  
Next samples were put on ice and ligation buffer (10 µL) and ligation enzyme mix (2 µL) 
were added.  Samples were then mixed, centrifuged briefly and incubated at 16°C for 16 h.  
Reverse transcription was used to synthesize cDNA at 42°C for 30 minutes followed by 
RNase H treatment.  Each library was amplified with 18-22 cycles of PCR using the supplied 
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barcoded primer set and the recommended parameters.  Amplified PCR products from each 
library were separated on 6% polyacrylamide gels.  Gels were stained with SYBR gold dye, 
and the 105 to 150 bp region which included the miRNA with the adaptors was excised, and 
purified with MinElute PCR Purification Kit (Qiagen) to remove remaining primers, enzyme 
and salt.  The quality and quantity of cDNA libraries were determined using Agilent 2100 
Bioanalyzer (Agilent, Waldbronn, Germany) and Nanodrop 1000 Spectrophotometer 
(Thermo Scientific, MA, USA).  Three small RNA cDNA libraries were subjected to 
massively parallel deep sequencing using the SOLiD sequencing system (Applied 
Biosystems) at the University of Iowa DNA Core Facility following the vendor’s 
recommendations.  
 
Analysis and Classification of Short Reads 
 Bowtie and Blastn programs were used to map the generated short reads back to the 
pig genome (Sscr9.62).  Bowtie was used directly to generate a colorspace index and perform 
the colorspace alignment of the short DNA sequences to the pig genome (Langmead et al., 
2009).  The seed length was set at 14 nt with one mismatch by trimming one to two bases 
from the left and right ends of each read.  Blastn was used to align the transformed raw reads 
in fasta format with 17 base perfect matches.  Custom scripts were used to transform the raw 
reads and quality control was performed (adaptor sequences trimmed off) and low-quality 
(>3 Ns) and low-complexity reads (>10 consecutive nucleotides) were discarded.  The 
coordinates of short reads mapping to the pig genome at least 3 times were extracted to 
obtain genomic positions of potential small RNA and used for further analyses. 
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 The mapped short reads were assigned their corresponding annotation by comparing 
their coordinates to those of non-coding RNA, protein-coding genes and repetitive elements, 
with at least 15 nt overlapping as determined with a custom Perl script.  Ensembl Biomart 
was used to download the genomic coordinates of non-coding RNA and protein-coding genes 
(Sscr9.62).  RepeatMasker was used to obtain coordinates of repetitive elements (LINE, 
SINE, etc.) on the genome sequences.   
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Figure 5.1. Flow chart of small RNA library preparation for SOLiD sequencing. 
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Figure 5.1 
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Quantitative RT-PCR 
 Quantitative RT-PCR was utilized to determine expression changes for MIR301a, 
MIR23b, MIR10a, MIR21, MIR200a, MIR574-3p, and MIR467a using commercially 
available TaqMan MicroRNA Assays (Applied Biosystems).  Individual RNA samples (50 
ng/µL) from spherical (n=3), Day 12 Filamentous (n=4) and Day 14 Filamentous (n=4) were 
used for quantitative RT-PCR.  TaqMan® Reverse Transcription kit (Applied Biosystems) 
was used to construct cDNA.  The RT mix was incubated at 16°C for 30 min, 42°C for 30 
min and 85°C for 5 min.  For the PCR reaction 1.33µL of the cDNA was used in a 20 µL 
reaction mixture.  PCR parameters were 95°C for 10 min, followed by 50 cycles of 95°C for 
15 sec and 60°C for 60 sec.  All reactions were performed in duplicate to determine an 
average cycle threshold value. Samples were normalized to RNU43 as an endogenous small 
RNA control.   
 Relative quantification of expression levels was evaluated with the comparative CT 
method as previously described (Ross et al., 2009).   The ∆CT value was determined by 
subtracting the target CT of each sample from its RNU 43 CT value. Following normalization, 
the ∆∆CT was calculated using the single greatest sample ∆CT value (the sample with the 
lowest expression) to subtract from all other sample ∆CT value. Assuming that each cycle 
difference is equivalent to 2-fold difference, relative fold change for each sample was 
calculated by applying the equation 2
∆∆CT
. 
 
MiRNA pathways and gene targets 
 DIANA-mirPath was used to determine the pathways of the miRNA selected for 
validation (Table 5.1) (Papadopoulos et al., 2009).  MiRNA were selected using human and 
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DIANA-microT-4.0 (beta version) with the exception of MIR467a which was only available 
in the mouse.  The first 5 pathways listed for the KEGG pathway which could be validated in 
the literature to play a role in porcine conceptus elongation were selected and recorded in 
Table 5.1 along with number of target genes and –log (P-value).   
 
Statistical Analysis 
 Statistical analyses of the differential expression of small RNA, repeats and proteins 
based on the number of short reads were done by using the MA-plot-based method and 
correction for false discovery rate in DEGseq (Wang et al., 2010b).  Quantitative RT-PCR 
ΔCT values collected for each stage of conceptus were analyzed with PROC MIXED of the 
Statistical Analysis System (SAS).  Results are reported as least square means ± SEM. 
 
Results 
SOLiD Sequence Results 
Total reads for all small RNA was 7,319K, 13,831K, and 30,618K for D12S, D12F 
and D14F respectively (Figure 5.2).  PiwiRNA reads comprised the bulk of the small RNA 
reads for all conceptus stages with the greatest number of reads in the D12F at 98.12% of 
total reads, followed by D14F at 97.77% and D12S at 95.4%.  MiRNA were the second 
greatest number of reads for all conceptus stages with 1.49% for D12S, 1.06% for D12F and 
1.29% for D14F.  A total of 368 miRNA identified by Ensembl in the pig genome including 
242 for D12S, 254 for D12F and 256 for D14F were identified (Supplemental Table 5.1). 
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Figure 5.2 Distribution of small RNA library as derived from the pig genome excluding 
piRNA which consisted of > 95% for each library. MicroRNA were the most abundant small 
RNA and retroRNA was the least abundant in all stages of conceptus elongation (A) Small 
RNA distribution for D12S conceptus excluding piRNA. (B) Small RNA distribution or 
D12F conceptus excluding piRNA. (C) Small RNA distribution of D14F conceptus.  For 
each chart, each small RNA class is represented by a different color. 
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Figure 5.2 
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MiRNA Chromosome Distribution 
 Chromosome distribution was mapped for all reads within each conceptus sample.  
Reads per chromosome were similar (P = 0.97) between conceptus stages.  Chromosome 
read distribution was different (P <0.01) between chromosomes for all conceptus stages 
(Figure 5.3).  Chromosome 1 had the greatest number of reads (11.4 to 11.6%) for all 
conceptus stages while chromosome 17 and 9 (< 1%) had the least reads for all conceptus 
stages (Figure 5.3). 
 
Quantitative RT-PCR via stem-loop miRNA assay 
To verify expression during conceptus elongation, quantitative RT-PCR was utilized 
to quantify expression differences of MIR4057, MIR467, MIR10a, MIR574, MIR23b, 
MIR301 and MIR21 during conceptus elongation.  MIR4057 and MIR467 had numerically 
higher expression in D12F conceptus but it was not significantly different from D12S or 
D14F (P = 0.27 and P = 0.22, respectively, Figure 5.4A).  MIR10a was increased 7-fold in 
D14 (P < 0.05) and there was no significant difference in MIR10a between D12S and D12F 
(P = 0.67, Figure 5.4A).  MiR23b was increased 7-fold in D14 (P < 0.05) and there was no 
significant difference in MIR23b within D12S and D12F (P = 0.42, Figure 5.4A). MIR574 
expression was similar between D12S and D12F (P = 0.94), however D14F had 
approximately 12- fold greater expression compared to D12S and D12F (P < 0.05, Figure 
5.4B).  MIR301a expression was lowest in D12S conceptus (P < 0.05) compared to D12F 
which was increase 23-fold and D14F which was increased 12-fold (Figure 5.3B). There was 
no significant difference in MIR301 within D12F and D14F (P = 0.13, Figure 5.4B).  MIR21 
expression was lowest in D12S (P < 0.05), increased 11-fold in D12F (P <0.01) and was  
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Figure 5.3 MiRNA distribution of reads across the pig genome.  All miRNA reads were 
mapped to each chromosome in the pig genome to characterize origin of expression.  A) 
Distribution of miRNA for D12S conceptus reads across the pig genome by chromosome.  B) 
Distribution of miRNA for D12F conceptus reads across the pig genome by chromosome.  C) 
Distribution of miRNA for D14F conceptus reads across the pig genome by chromosome. 
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Figure 5.3 
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Figure 5.4 Quantitative RT-PCR analysis of miRNA expression during rapid trophoblast 
elongation of the pig conceptus. A) Expression of MIR4057 and MIR467 were not 
significantly different (P = 0.27 and P = 0.22, respectively) between conceptus stage of 
development but had numerically greater expression in D12F than D12S or D14F.  MIR10a 
expression was greatest in D14F conceptus (P = 0.02) and was similar (P = 0.99) for D12S 
and D12F.  B) MIR574 and MIR23b had similar expression in D12S and D12F and D14F 
conceptus had 10 fold greater expression (P < 0.05).  MIR301 had the least expression in 
D12S (P =0.07) although D12F and D14F had similar expression (P = 0.20).  MIR21 was 
significantly different for all three conceptus stages with D12S being the lowest and D14F 
having the greatest expression with a 20 fold increase over D12S (P < 0.01).  MIR200a 
expression was greatest in D14F (P < 0.05) and the lowest in D12S (P < 0.05). 
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Figure 5.4 
(A) 
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most abundant in D14F with a 21-fold increase compared to D12S (P < 0.001, Figure 5.4B).  
MIR200a had the lowest expression in D12S and was increased 26-fold in D14F (P < 0.05, 
Figure 5.4B).   
 
MiRNA Pathway prediction with DIANA-mirPath 
 Based on DIANA-mirPath predictions all miRNA evaluated appear to have the 
capacity to regulate pathways related to early embryo development (Table 5.1).  Pathways 
which could be targeted by 3 or more of the validated miRNA were axon guidance, MAPK 
signaling pathway, and Wnt signaling.  MIR301a is predicted to target as many as 13 genes 
in the TGF-beta signaling pathway and 14 genes in the calcium signaling pathway.  Other 
pathways of interest include focal adhesion, tight junction, hedgehog signaling pathway, 
cytokine-cytokine receptor interaction, p53 signaling pathway, apoptosis, cell cycle and 
GnRH signaling pathway, all of which are known to play roles in early embryo development.    
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Table 5.1  MIRNA function predicted by DIANA miR-PATH. 
miRNA
1 
KEGG Pathway
1 
Target 
Genes
3 
-log(P-
value)
4 
MIR301a TGF-beta signaling pathway 
Calcium signaling pathway 
Hedgehog signaling pathway 
Axon guidance 
13 
14 
6 
10 
14.4 
5.95 
4.04 
3.77 
MIR-23b Axon guidance 
Focal adhesion 
Tight junction 
MAPK signaling pathway 
Jak-STAT signaling pathway 
11 
14 
11 
16 
10 
7.43 
6.46 
6.39 
5.45 
3.65 
MIR10a Axon guidance 
ErbB signaling pathway 
Focal Adhesion 
Wnt signaling pathway 
Long-term potentiation 
5 
4 
6 
5 
3 
7.11 
6.37 
6.07 
5.66 
4.74 
MIR21 Cytokine-cytokine receptor 
interaction 
B cell receptor signaling pathway 
Jak-STAT signaling pathway 
Apoptosis 
TGF-beta signaling pathway 
MAPK signaling pathway 
9 
4 
6 
4 
4 
7 
10.45 
9.51 
7.84 
6.42 
5.57 
5.5 
MiR200a Tight Junction 
Wnt Signaling pathway 
P53 signaling pathway 
Cell cycle 
GnRH signaling pathway 
Axon guidance 
11 
10 
6 
8 
7 
8 
9.41 
6.23 
5.5 
5.21 
4.83 
4.42 
MIR574-3p Cytokine-cytokine receptor 
interaction 
TGF-beta signaling pathway 
Tight junction 
Wnt signaling pathway 
Jak-STAT signaling pathway 
1 
1 
1 
1 
1 
6.47 
0.98 
0.57 
0.5 
0.46 
MIR467a Wnt signaling pathway 
Dorso-ventral axis formation 
Focal adhesion 
TGF-beta signaling pathway 
MAPK signaling pathway 
17 
6 
20 
12 
24 
11.06 
10.58 
10.15 
9.87 
9.72 
1
MiRNA identification 
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2
KEGG pathways that have been identified as targets for the miRNA selected.  The first five 
pathways that have been identified in the literature to play a role in conceptus elongation 
were selected for this table. 
3
Genes within the KEGG pathway that are predicted to be targets of the miRNA. 
4
Significance value. 
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Discussion 
Embryo elongation in the pig is a dynamic morphological process which is highly 
regulated to ensure normal development and implantation.  MiRNA are temporally regulated 
during embryo development and elongation.  The small RNA library described in this chapter 
provides an array of miRNA that may interact with many biological pathways potentially 
affecting cell differentiation, migration, transformation, steroidogenesis and development of 
the porcine conceptus.     
The number of reads per conceptus stage and total number of unique reads increased 
during conceptus elongated from D12 to D14.  DNA and protein also increase during this 
period however the protein to DNA ratio decreases (Pusateri et al., 1990) suggesting the 
potential for translation suppression and regulation.  Chromosomal distribution of miRNA 
reads were similar for all stages of conceptus elongation.  However earlier development 
indicates a similar chromosomal distribution pattern with  miRNA reads distributed across all 
chromosomes during oocyte maturation from GV to MII as well as early embryo 
development up to the blastocyst stage (Yang et al., 2012).  The distribution of miRNA reads 
is widely spread throughout the genome likely due to the unique biological processes 
associated with this stage of conceptus development which include fetal development, 
elongation, and implantation.  
 PiRNA constitute the largest small RNA class in the cumulus oocyte complex and 
early embryo; which we also observed during conceptus elongation.  PiRNA protect genome 
integrity by interacting with the Argonaute superfamily via piwi proteins (Kim et al., 2010).  
Similar to miRNA, piRNAs confer gene silencing and are also associated with epigenetics 
and transposon silencing (Halic and Moazed, 2009; Kim et al., 2010).   
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The library validation confirmed dynamic changes in miRNA expression during 
conceptus elongation.  DIANA-mirPath identified pathways that may be affected by miRNA 
expressed during conceptus elongation in the pig.  MIR301a was highest in filamentous 
conceptus and this miRNA is predicted to interact with transforming growth factor beta 
(TGFβ).  TGFβ expression is associated with porcine implantation which begins at day 13 
(Gupta et al., 1996; Massuto et al., 2010).  The embryonic disc located near the center of the 
elongating trophectoderm continues to develop and signaling such as axon guidance, Wnt 
signaling, and p53 signaling pathways guide the conceptus development during this period.  
Several of the miRNA validated in this study including MIR23b, MIR10a, MIR200a, and 
MIR467a interact with these pathways.   
The miRNA we validated tended to have greater expression in filamentous embryos 
compared to spherical.  This may be due to changes in morphology and not cell type.  The 
elongating conceptus increases in length however the ratio of protein:DNA decreases 
throughout this stage of development suggesting the structure changed is not due to an 
increase in cells (Geisert et al., 1982; Pusateri et al., 1990).  Other studies have also found a 
limited number (>100) of changes in mRNA expression during the transition from spherical 
to filamentous (Ross et al., 2009).  This could be due to signals for the uterine environment 
controlling or initiating the elongation progress rather than the conceptus.   
Although none of the miRNA we validated are predicted to play a direct role in 
steroidogenesis, MIR200a is predicted to target seven different genes in the gonadotropin 
releasing hormone signaling pathway.  MIR301a is predicted to target up to 14 genes in the 
calcium signaling pathway.  Calcium is known to be important in the uterus during 
pregnancy establishment and is thought to be involved in estrogen signaling (Choi et al., 
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2009).  However little is known about calcium regulation in the developing conceptus or 
uterine environment.  MIR301a and MIR200a expression have also been reported during 
embryonic development of the mouse (Ahn et al., 2010; Diez-Roux et al., 2011).  MIR23b, 
MIR200a and MIR467a all target mRNA involved in tight junction and focal adhesion 
pathways which play a role in regulating the morphological transformation.  MIR23b is also 
reported to interact with argonaute 2 which regulates miRNA-induced RNA silencing (Kim 
et al., 2011).  MIR23b is most abundant in D14F conceptus which also have the most 
abundant miRNA reads.  MIR23b may be important in regulating the influx of miRNA 
during conceptus elongation through its relationship with argonaute 2. 
Cytokine-cytokine interactions are important for conceptus:maternal interactions 
during pregnancy establishment (Ziecik et al., 2011).  MIR21 and MIR574-3p may play roles 
in regulating the balance of cytokines in the conceptus for successful implantation.  MiRNA 
in the elongating conceptus likely regulate not only the changes of the conceptus itself but 
may also interact with the maternal uterine environment.  MIR21 has been characterized in 
many cancer cells lines as well as the ovary and oocyte (Asangani et al.,2007; Carletti et al., 
2010; Chan et al., 2005; Dillhoff et al., 2008; Lu et al., 2008; Zhu et al., 2008; Wright et al., 
in prep.).  MIR21 expression increased significantly at each stage of development.  MIR21 
regulates apoptosis by interacting with PDCD4 thereby promoting cell survival and cell cycle 
progression (Dillhoff et al., 2008; Lu et al., 2008). 
In summary this elongating conceptus library provides data which will lead to a better 
understanding of the conceptus elongation process and the potential contribution of PTGR.  
Conceptus elongation is a complicated process of morphological transformation, 
steroidogenesis and embryo development.  Further investigation will be needed to determine 
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the role of individual miRNA within the multiple biological processes that occur during 
conceptus elongation.   
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CHAPTER 6 
Summary and Conclusion 
 This dissertation describes the role of MIR21 in oocyte maturation, effects of heat 
stress on genetic markers including MIR21 during oocyte maturation and a library of miRNA 
expression during conceptus elongation.  MiRNA are important in regulating biological 
processes including oocyte maturation and embryo development.  MIR21 in the oocyte is 
needed to regulate PDCD4 mRNA translation so that the oocyte is able to mature properly 
and develop to the blastocyst stage.  Heat stress during oocyte maturation can alter MIR21 
expression along with other genetic markers which are essential to normal oocyte maturation 
and development.  MiRNA are also expressed during embryo elongation in the pig.  The 
small RNA library of elongating pig conceptus identified several hundred miRNA which are 
expressed and likely play biological roles regulating this process.  Additionally, several 
miRNA from this library were validated to demonstrate the dynamic changes in expression 
of miRNA during conceptus elongation.  This data may be utilized to develop a better 
understanding of oocyte maturation and embryo development and ultimately provide tools 
for improving reproduction in the pig. 
 This work may lead to several opportunities for discovery in the future.  Further 
elucidation of the function of MIR21 in the oocyte and developing embryo is needed.  
Additional targets of MIR21 need to be investigated in both the oocyte and developing 
embryo.  Our work has shown that MIR21 affects oocyte maturation.  Over-expression of 
MIR21 during maturation should be evaluated to determine the ability to improve oocyte 
maturation.   
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The heat stress model we developed provided further insight into MIR21 function in 
addition to evidence that stress to the oocyte is reflected in the subsequent embryo.  Heat 
stress caused damage to either MIR21 stores or transcription therefore supplementing heat 
stressed oocytes or developing embryos with MIR21 in the culture media could rescue the 
developing embryos and allow normal maturation.  MIR21 and PDCD4 could also be used as 
markers to determine if strategies to mitigate the effects of heat stress are effective.  The heat 
stress model could be expanded to include additional time points in development to 
determine when transcriptional changes are occurring.  Blastocysts developed from this 
model could be transferred into a surrogate to evaluate the effects of heat stress during oocyte 
maturation on the fetus.  In vivo studies should also be performed to determine if heat stress 
during oocyte maturation and early embryo development has the same effect on coding and 
non-coding RNA that we observed in the in vitro model.  By validating the in vitro model 
with an in vivo study we can further investigate ways to mitigate the effects of heat stress on 
the oocyte thereby improving reproductive performance during heat stress in swine.  
 The small RNA library created for conceptus elongation is a valuable biological 
resource.  MiRNA identified in this library can be matched to mRNA expression data from 
the same period in development and provide information about PTGR during this process.  
Understanding embryo elongation in the pig could provide tools for improving litter size, 
optimizing available uterine space and reducing conceptus loss during early gestation. 
  
134 
 
REFERENCES CITED 
Abramoff MD, Magalhaes PJ, Ram SJ. Image processing with imageJ. Biophontonics 
International 2004; 11:36-42. 
Ahn HW, Morin RD, Zhao H, Harris RA, Coarfa C, Chen Z-J, Milosavljevic A, Marra MA, 
Rajkovic A. MicroRNA transcriptome in the newborn mouse ovaries determined by 
massive parallel sequencing. Molecular Human Reproduction 2010; 16:463-471. 
Aiba, K., M. G. Carter, R. Matoba, and M. S. H. Ko. Genomic approaches to early 
embryogenesis and stem cell biology. Seminar Reproductive  Medicine 2006; 24: 
330-339. 
Ainsworth L, Tsang BK, Downey BR, Marcus GJ, Armstrong DT. Interrelationships between 
follicular fluid steroid levels, gonadotropic stimuli, and oocyte maturation during 
preovulatory development of porcine follicles. Biology of Reproduction 1980; 
23:621-627. 
Alliston CW, Howarth B, Ulberg LC. Embryonic mortality following culture in vitro of one- 
and two-cell rabbit eggs at elevated temperatures. Journal of Reproduction and 
Fertility 1965; 9:337-341. 
Anderson C, Catoe H, Werner R. MIR-206 regulates connexin43 expression during skeletal 
muscle development. Nucleic Acids Research 2006; 34:5863-5871. 
Anderson LL. Growth, protein content and distribution of early pig embryos. Anatomical 
Record 1978; 190:143-153. 
Anderson LL. Pigs. In: Reproduction in Farm Animals, vol. 7th Edition. Philadelphia: 
Lippincott, Williams & Williams; 2000: 182-191. 
135 
 
Asangani IA, Rasheed SAK, Nikolova DA, Leupold JH, Colburn NH, Post S, Allgayer H. 
MicroRNA-21 (miR-21) post-transcriptionally downregulates tumor suppressor 
Pdcd4 and stimulates invasion, intravasation and metastasis in colorectal cancer. 
Oncogene 2007; 27:2128-2136. 
Arellano RO, MartÃnez-Torres A, Garay E. Ionic currents activated via purinergic receptors 
in the cumulus cell-enclosed mouse oocyte. Biology of Reproduction 2002; 67:837-
846. 
Ashkenazi H, Cao X, Motola S, Popliker M, Conti M, Tsafriri A. Epidermal growth factor 
family members: Endogenous mediators of the ovulatory response. Endocrinology 
2005; 146:77-84. 
Bartel DP. Micro RNAs: genomics biogenesis, mechanism, and function. Cell 2004; 
116:281. 
Bazer FW, Geisert RD, Zavy MT. Fertilization, cleavage, and implantation. In: Hafez EE 
(ed.) In Reproduction in Farm Animals, vol. 6. Philadelphia: Lea and Febiger; 1993. 
Bazer FW, Roberts RM, Thatcher WW. Actions of hormones on the uterus and effect on 
conceptus development. Journal of Animal Science 1979; 49:35-45. 
Bedu-Addo K, Lefievre L, Moseley FLC, Barratt CLR, Publicover SJ. Bicarbonate and 
bovine serum albumin reversibly 'switch' capacitation-induced events in human 
spermatozoa. Molecular Human Reproduction 2005; 11:683-691. 
Bendixen, E. K., M. Danielsen, K. Larsen, and C. Bendixen. Advances in porcine genomics 
and proteomics - A toolbox for developing the pig as a model organism for molecular 
biomedical research Briefings in Functional Genomics 2010; No. 9. p 208-219. 
Oxford University Press / UK. 
136 
 
Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, Li MZ, Mills AA, Elledge SJ, 
Anderson KV, Hannon GJ. Dicer is essential for mouse development. Nature 
Genetics 2003; 35:215-217. 
Bierkamp C, Luxey M, Metchat A, Audouard C, Dumollard R, Christians E. Lack of 
maternal Heat Shock Factor 1 results in multiple cellular and developmental defects, 
including mitochondrial damage and altered redox homeostasis, and leads to reduced 
survival of mammalian oocytes and embryos. Developmental Biology 2010; 339:338-
353. 
Blomberg LA, Long EL, Sonstegard TS, Van Tassell CP, Dobrinsky JR, Zuelke KA. Serial 
analysis of gene expression during elongation of the peri-implantation porcine 
trophectoderm (conceptus). Physiological Genomics 2005; 20:188-194. 
Boelhauve M, Sinowatz F, Wolf E, Paula-Lopes FF. Maturation of bovine oocytes in the 
presence of leptin improves development and reduces apoptosis of in vitro-produced 
blastocysts. Biology of Reproduction 2005; 73:737-744. 
Borazjani A, Weed BC, Patnaik SS, Feugang JM, Christiansen D, Elder SH, Ryan PL, Liao 
J. A comparative biomechanical analysis of term fetal membranes in human and 
domestic species. American Journal of Obstetrics and Gynecology 2011; 
204:365.e325-365.e336. 
Bracken CP, Szubert JM, Mercer TR, Dinger ME, Thomson DW, Mattick JS, Michael MZ, 
Goodall GJ. Global analysis of the mammalian RNA degradome reveals widespread 
miRNA-dependent and miRNA-independent endonucleolytic cleavage. Nucleic 
Acids Research 2011. 
137 
 
Brennecke J, Stark A, Russell RB, Cohen SM. Principles of microRNAtarget recognition. 
PLoS Biol 2005; 3:e85. 
Brenner S, Jacob F, Meselson M. An unstable intermediate carrying information from genes 
to ribosomes for protein synthesis. Nature 1961; 190:576-581. 
Brevini TAL, Cillo F, Antonini S, Tosetti V, Gandolfi F. Temporal and spatial control of 
gene expression in early embryos of farm animals. Reproduction, Fertility and 
Development 2006; 19:35-42. 
Briscoe J, Ericson J. Specification of neuronal fates in the ventral neural tube. Current 
Opinion in neurobiology 2001; 11:43-49. 
Brüssow KP, Rátky J, Rodriguez-Martinez H. Fertilization and early embryonic development 
in the porcine fallopian tube. Reproduction in Domestic Animals 2008; 43:245-251. 
Bueno MJ, Perez de Castro I, Malumbres M. Control of cell proliferation pathways by 
microRNAs. Cell Cycle 2008; 7:3143-3148. 
Burkin HR, Miller DJ. Zona pellucida protein binding ability of porcine sperm during 
epididymal maturation and the acrosome reaction. Developmental Biology 2000; 
222:99-109. 
Bustad, L. K., and R. O. McClellan.  Swine in biomedical research. Science 1966;152: 1526-
1530. 
Butler JE, Lager KM, Splichal I, Francis D, Kacskovics I, Sinkora M, Wertz N, Sun J, Zhao 
Y, Brown WR, DeWald R, Dierks S, et al. The piglet as a model for B cell and 
immune system development. Veterinary Immunology and Immunopathology 2009; 
128:147-170. 
138 
 
Cabot, R. A. et al. Transgenic pigs produced using in vitro matured oocytes infected with a 
retroviral vector. Animal Biotechnology 2001; 12: 205-214. 
Carletti MZ, Fiedler SD, Christenson LK..  MicroRNA 21 blocks apoptosis in mouse 
periovulatory granulosa cells. Biology of Reproduction 2010; 83:286-295. 
Chan JA, Krichevsky AM, Kosik KS. MicroRNA-21 Is an antiapoptotic factor in human 
glioblastoma cells. Cancer Research 2005; 65:6029-6033. 
Chen PY, Meister G. microRNA-guided posttranscriptional gene regulation. Biological 
Chemistry 2005; 386:1205-1218. 
Cho I, Kim J, Seo H, Lim D, Hong J, Park Y, Park D, Hong K-C, Whang K, Lee Y. Cloning 
and characterization of microRNAs from porcine skeletal muscle and adipose tissue. 
Molecular Biology Reports 2010; 37:3567-3574. 
Choi Y, Seo H, Kim M, Ka H. Dynamic expression of calcium-regulatory molecules, TRPV6 
and S100G, in the uterine endometrium during pregnancy in pigs. Biology of 
Reproduction 2009; 81:1122-1130. 
Christenson RK, Day BN. Maintenance of unilateral pregnancy in the pig with induced 
corpora lutea. Journal of Animal Science 1971; 32:282-286. 
Christenson RK, Ford JJ, Redmer DA. Maturation of ovarian follicles in the prepubertal gilt. 
Journal of Reproduction and Fertility Supplement 1985; 33:21-36. 
Christians E, Davis AA, Thomas SD, Benjamin IJ. Embryonic development: Maternal effect 
of Hsf1 on reproductive success. Nature 2000; 407:693-694. 
Crombie PR. The occurrence of 'end-to-end' fusion between adjacent chorioallantoic sacs in 
the early pig embryo. Journal of Reproduction and Fertility 1972; 29:127-129. 
139 
 
Dantzer V. Electron microscopy of the initial stages of placentation in the pig. Anatomy and 
Embryology 1985; 172:281-293. 
Degrelle SA, Blomberg LA, Garrett WM, Li RW, Talbot NC. Comparative proteomic and 
regulatory network analyses of the elongating pig conceptus. Proteomics 2009; 
9:2678-2694. 
Denli AM, Tops BBJ, Plasterk RHA, Ketting RF, Hannon GJ. Processing of primary 
microRNAs by the microprocessor complex. Nature 2004; 432:231-235. 
Diez-Roux G, Banfi S, Sultan M, Geffers L, Anand S, Rozado D, Magen A, Canidio E, 
Pagani M, Peluso I, Lin-Marq N, Koch M, et al. A high-resolution anatomical atlas of 
the transcriptome in the mouse embryo. PLoS Biol 2011; 9:e1000582. 
Dillhoff M, Liu J, Frankel W, Croce C, Bloomston M. MicroRNA-21 is overexpressed in 
pancreatic cancer and a potential predictor of survival. Journal of Gastrointestinal 
Surgery 2008; 12:2171-2176. 
Doench JG, Sharp PA. Specificity of microRNA target selection in translational repression. 
Genes & Development 2004; 18:504-511. 
Dragovic RA, Ritter LJ, Schulz SJ, Amato F, Armstrong DT, Gilchrist RB. Role of oocyte-
secreted growth differentiation factor 9 in the regulation of mouse cumulus 
expansion. Endocrinology 2005; 146:2798-2806. 
Dziuk PJ. Effect of number of embryos and uterine space on embryo survival in the pig. 
Journal of Animal Science 1968; 27:673-676. 
Edwards RL, Omtvedt IT, Tuesman EJ, Stephens DF, Mahoney GWA. Reproductive 
Performance of gilts following heat stress prior to breeding and in early gestation. 
Journal of Animal Science 1968; 27:1634-1637. 
140 
 
Evans G, Dobias M, King GJ, Armstrong DT. Estrogen, androgen, and progesterone 
biosynthesis by theca and granulosa of preovulatory follicles in the pig. Biology of 
Reproduction 1981; 25:673-682. 
Fan H-Y, Sun Q-Y. Involvement of mitogen-activated protein kinase cascade during oocyte 
maturation and fertilization in mammals. Biology of Reproduction 2004; 70:535-547. 
Finn, C. A., and L. Martin.  The control of implantation. Journal of Reproduction and 
Fertility. 1974;  39: 195-206. 
Flowers WL. Dose confirmation study in sexual mature gilts orally administered altrenogest 
(Regu-Mate solution 0.22%) to suppress and synchronize estrus. Millsboro, Del: 
Intervet/Schering-Plough Animal Health; 1999. 
Frankel L, Christoffersen N, Jacobsen A, Lindow M, Krogh A, Lund A. Programmed cell 
death 4 (PDCD4) is an important functional target of the microRNA miR-21 in breast 
cancer cells. Journal of Biological Chemistry 2008; 283:1026 - 1033. 
Friedman RC, Farh KK-H, Burge CB, Bartel DP. Most mammalian mRNAs are conserved 
targets of microRNAs. Genome Research 2009; 19:92-105. 
Friess AE, Sinowatz F, Skolek-Winnisch R, TrÃ¤utner W. The placenta of the pig. Anatomy 
and Embryology 1980; 158:179-191. 
Fujita S, Ito T, Mizutani T, Minoguchi S, Yamamichi N, Sakurai K, Iba H. MiR-21 gene 
expression triggered by AP-1 is sustained through a double-negative feedback 
mechanism. Journal of Molecular Biology 2008; 378:492-504. 
Fulka J, Fulka H, Slavik T, Okada K. DNA methylation pattern in pig in vivo produced 
embryos. Histochemistry and Cell Biology 2006; 126:213-217. 
141 
 
Galloway SM, McNatty KP, Cambridge LM, Laitinen MPE, Juengel JL, Jokiranta TS, 
McLaren RJ, Luiro K, Dodds KG, Montgomery GW, Beattie AE, Davis GH, et al. 
Mutations in an oocyte-derived growth factor gene (BMP15) cause increased 
ovulation rate and infertility in a dosage-sensitive manner. Nature Genetics 2000; 
25:279-283. 
Gebauer F, Richter JD. Synthesis and function of Mos: the control switch of vertebrate 
oocyte meiosis. Bioessays 1997; 19:23-28. 
Geisert RD, Brookbank JW, Roberts RM, Bazer FW. Establishment of pregnancy in the pig: 
II. Cellular remodeling of the porcine blastocyst during elongation on day 12 of 
pregnancy. Biology of Reproduction 1982; 27:941-955. 
Geisert RD, Renegar RH, Thatcher WW, Roberts RM, Bazer FW. Establishment of 
pregnancy in the pig: I. Interrelationships between preimplantation development of 
the pig blastocyst and uterine endometrial secretions. Biology of Reproduction 1982; 
27:925-939. 
Geisler, M. 2011. Commodity pork profile.  Accessed March 2011. 
Gilchrist RB, Ritter LJ, Armstrong DT. Oocyte-somatic cell interactions during follicle 
development in mammals. Animal Reproduction Science 2004; 82-83:431-446. 
Göke A, Göke R, Knolle A, Trusheim H, Schmidt H, Wilmen A, Carmody R, Göke B, Chen 
YH. DUG is a novel homologue of translation initiation factor 4G that binds eIF4A. 
Biochemical and Biophysical Research Communications 2002; 297:78-82. 
Gosden RG, Telfer E. Number of follicles and oocytes in mammalian ovaries and their 
allometric relationships. Journal of Zoology 1987; 211:169-175. 
142 
 
Green ML, Simmen RC, Simmen FA. Developmental regulation of steroidogenic enzyme 
gene expression in the periimplantation porcine conceptus: a paracrine role for 
insulin-like growth factor-I. Endocrinology 1995; 136:3961-3970. 
Griffiths-Jones S. miRBase: microRNA Sequences and Annotation. Current Protocols in 
Bioinformatics: John Wiley & Sons, Inc.; 2002. 
Grishok A, Pasquinelli AE, Conte D, Li N, Parrish S, Ha I, Baillie DL, Fire A, Ruvkun G, 
Mello CC. Genes and mechanisms related to RNA interference regulate expression of 
the small temporal RNAs that control C. elegans developmental timing. Cell 2001; 
106:23-34. 
Guthrie DH, Garrett WM. Changes in porcine oocyte germinal vesicle development as 
follicles approach preovulatory maturity. Theriogenology 2000; 54:389-399. 
Guthrie HD. Estrous synchronization and fertility in gilts treated with estradiol-benzoate and 
prostaglandin F2[alpha]. Theriogenology 1975; 4:69-75. 
Gupta A, Bazer FW, Jaeger LA. Differential expression of beta transforming growth factors 
(TGF beta 1, TGF beta 2, and TGF beta 3) and their receptors (type I and type II) in 
peri-implantation porcine conceptuses. Biology of Reproduction 1996; 55:796-802. 
Haim B. Intracellular calcium regulation in sperm capacitation and acrosomal reaction. 
Molecular and Cellular Endocrinology 2002; 187:139-144. 
Halic M, Moazed D. Transposon silencing by piRNAs. Cell 2009; 138:1058-1060. 
Hao Y, Mathialagan N, Walters E, Mao J, Lai L, Becker D, Li W, Critser J, Prather RS. 
Osteopontin reduces polyspermy during in vitro fertilization of porcine oocytes. 
Biology of Reproduction 2006; 75:726-733. 
143 
 
Hawkins SM, Matzuk MM. Oocyte-somatic cell communication and micoRNA function in 
the ovary. Ann Endocrinol (Paris) 2010; 71:144-148. 
Hemsworth PH. Sexual behavior of gilts. Journal of Animal Science 1985; 61:75-85. 
Heuser CH, Streeter GL. Early stages in the development of pig embryos, from the period of 
initial cleavage to the time of appearance of limb-buds. Contrib Embryol Carnegie 
Inst 1929; 20:3-29. 
Hofmann A, Kessler B, Ewerling S, Weppert M, Vogg B, Ludwig H, Stojkovic M, 
Boelhauve M, Brem G, Wolf E, Pfeifer A. Efficient transgenesis in farm animals by 
lentiviral vectors. EMBO Reports 2003; Nov;4(11):1054-1060. 
Horsley BR, Estienne MJ, Harper AF, Purcell SH, Baitis HK, Beal WE, Knight JW. Effect of 
P.G. 600 on the timing of ovulation in gilts treated with altrenogest. Journal of 
Animal Science 2005; 83:1690-1695. 
Hunter M. Oocyte maturation and ovum quality in pigs. Rev Reprod 2000; 5:122-130. 
Hunter MG, Brankin V, Quinn RL, Ferguson EM, Edwards SA, Ashworth CJ. Oocyte-
somatic cell-endocrine interactions in pigs. Domestic Animal Endocrinology 2005; 
29:371-384. 
Isom SC, Li Rf, Whitworth KM, Prather RS. Timing of first embryonic cleavage is a positive 
indicator of the in vitro developmental potential of porcine embryos derived from in 
vitro fertilization, somatic cell nuclear transfer and parthenogenesis. Molecular 
Reproduction and Development 2012; Mar;79(3):197-207. 
Jagarlamudi K, Liu L, Adhikari D, Reddy P, Idahl A, Ottander U, Lundin E, Liu K. Oocyte-
specific deletion of Pten in mice reveals a stage-specific function of PTEN/PI3K 
signaling in oocytes in controlling follicular activation. PLoS ONE 2009; 4:e6186. 
144 
 
Jordan P. Initiation of homologous chromosome pairing during meiosis. Biochemical Society 
Transactions 2006; 34:545-549. 
Juengel JL, Hudson NL, Whiting L, McNatty KP. Effects of immunization against Bone 
Morphogenetic Protein 15 and Growth Differentiation Factor 9 on ovulation rate, 
fertilization, and pregnancy in ewes. Biology of Reproduction 2004; 70:557-561. 
Keys, J. L., and G. J. King. 1990. Microscopic examination of porcine conceptus-maternal 
interface between days 10 and 19 of pregnancy. American Journal of Anatomy 
188(3): 221-228. 
Kim J, Cho I, Hong J, Choi Y, Kim H, Lee Y. Identification and characterization of new 
microRNAs from pig. Mammalian Genome 2008; 19:570-580. 
Kim VN. MicroRNA biogenesis: coordinated cropping and dicing. Nature Reviews 
Molecular Cell Biology 2005; 6:376-385. 
Kim Y-K, Heo I, Kim VN. Modifications of small RNAs and their associated proteins. Cell 
2010; 143:703-709. 
Knight JW, Bazer FW, Thatcher WW, Franke DE, Wallace HD. Conceptus development in 
intact and unilaterally hysterectomized-ovariectomized gilts: Interrelations among 
hormonal status, placental development, fetal fluids and fetal growth. Journal of 
Animal Science 1977; 44:620-637. 
Knox R.V. Recruitment and selection of ovarian follicles for determination of ovulation rate 
in the pig. Domestic Animal Endocrinology 2005; 29:385-397. 
Lagos-Quintana M, Rauhut R, Lendeckel W, Tuschl T. Identification of novel genes coding 
for small expressed RNAs. Science 2001; 294:853 - 858. 
145 
 
Lai, L., and R. S. Prather. 2003. Production of cloned pigs by using somatic cells as donors. 
Cloning and Stem Cells 5: 233-241. 
Langmead B, Trapnell C, Pop M, Salzberg S. Ultrafast and memory-efficient alignment of 
short DNA sequences to the human genome. Genome Biology 2009; 10:R25. 
Lankat-buttgereit B, Goke R. The tumour suppressor Pdcd4: recent advances in the 
elucidation of function and regulation. Biology of the Cell 2009; 101:309-317. 
Lavitrano M, Busnelli M, Cerrito MG, Giovannoni R, Manzini S, Vargiolu A. Sperm-
mediated gene transfer. Reproduction, Fertility and Development 2005; 18:19-23. 
Lee CY, Green ML, Simmen RCM, Simmen FA. Proteolysis of insulin-like growth factor-
binding proteins (IGFBPs) within the pig uterine lumen associated with peri-
implantation conceptus development. Journal of Reproduction and Fertility 1998; 
112:369-377. 
Lee R, Feinbaum R, Ambros V. The C. elegans heterochronic gene lin-4 encodes small 
RNAs with antisense complementarity to lin-14. Cell 1993; 75:843 - 854. 
Lee SH, Zhao S-H, Recknor JC, Nettleton D, Orley S, Kang S-K, Lee B-C, Hwang W-S, 
Tuggle CK. Transcriptional profiling using a novel cDNA array identifies differential 
gene expression during porcine embryo elongation. Molecular Reproduction and 
Development 2005; 71:129-139. 
Lin P, Rui R. Effects of follicular size and FSH on granulosa cell apoptosis and atresia in 
porcine antral follicles. Molecular Reproduction and Development 2010; 77:670-678. 
Löffler D, Brocke-Heidrich K, Pfeifer G, Stocsits C, Hackermüller J, Kretzschmar AK, 
Burger R, Gramatzki M, Blumert C, Bauer K, Cvijic H, Ullmann AK, et al. 
Interleukin-6–dependent survival of multiple myeloma cells involves the Stat3-
146 
 
mediated induction of microRNA-21 through a highly conserved enhancer. Blood 
2007; 110:1330-1333. 
Lu Z, Liu M, Stribinskis V, Klinge CM, Ramos KS, Colburn NH, Li Y. MicroRNA-21 
promotes cell transformation by targeting the programmed cell death 4 gene. 
Oncogene 2008; 27:4373-4379. 
Maiato H, Lince-Faria M. The perpetual movements of anaphase. Cellular and Molecular 
Life Sciences 2010; 67:2251-2269. 
Massuto DA, Hooper RN, Kneese EC, Johnson GA, Ing NH, Weeks BR, Jaeger LA. 
Intrauterine infusion of Latency-Associated Peptide (LAP) during early porcine 
pregnancy affects conceptus elongation and placental size. Biology of Reproduction 
2010; 82:534-542. 
Mattioli M, Gioia L, Barboni B. Calcium elevation in sheep cumulus-oocyte complexes after 
luteinising hormone stimulation. Molecular Reproduction and Development 1998; 
50:361-369. 
Mehlmann LM. Stops and starts in mammalian oocytes: recent advances in understanding the 
regulation of meiotic arrest and oocyte maturation. Reproduction 2005; 130:791-799. 
Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob S, Patel T. MicroRNA-21 regulates 
expression of the PTEN tumor suppressor gene in human hepatocellular cancer. 
Gastroenterology 2007; 133:647 - 658. 
Metchat A, Akerfelt M, Bierkamp C, Delsinne V, Sistonen L, Alexandre H, Christians ES. 
Mammalian Heat Shock Factor 1 Is essential for oocyte meiosis and directly regulates 
Hsp90A expression. Journal of Biological Chemistry 2009; 284:9521-9528. 
147 
 
Mickoleit M, Banisch TU, Raz E. Regulation of hub mRNA stability and translation by 
miR430 and the dead end protein promotes preferential expression in zebrafish 
primordial germ cells. Developmental Dynamics 2011; 240:695-703. 
Miles JR, McDaneld TG, Wiedmann RT, Cushman RA, Echternkamp SE, Vallet JL, Smith 
TPL. MicroRNA expression profile in bovine cumulus–oocyte complexes: Possible 
role of let-7 and miR-106a in the development of bovine oocytes. Animal 
Reproduction Science 2012; 130:16-26. 
Miranda KC, Huynh T, Tay Y, Ang Y-S, Tam W-L, Thomson AM, Lim B, Rigoutsos I. A 
pattern-based method for the identification of microRNA binding sites and their 
corresponding heteroduplexes. Cell 2006; 126:1203-1217. 
Morbeck DE, Esbenshade KL, Flowers WL, Britt JH. Kinetics of follicle growth in the 
prepubertal gilt. Biology of Reproduction 1992; 47:485-491. 
Mudduluru G, Medved F, Grobholz R, Jost C, Gruber A, Leupold J. Loss of programmed 
cell death 4 expression marks adenoma-carcinoma transition, correlates inversely 
with phosphorylated protein kinase B, and is an independent prognostic factor in 
resected colorectal cancer. Cancer 2007; 110:1697 - 1707. 
Murchison EP, Stein P, Xuan Z, Pan H, Zhang MQ, Schultz RM, Hannon GJ. Critical roles 
for Dicer in the female germline. Genes & Development 2007; 21:682-693. 
Narayansingh RM, Senchyna M, Vijayan MM, Carlson JC. Expression of prostaglandin G/H 
synthase (PGHS) and heat shock protein-70 (HSP-70) in the corpus luteum (CL) of 
prostaglandin F2α-treated immature superovulated rats. Canadian Journal of 
Physiology and Pharmacology 2004; 82:363-371. 
148 
 
Nielsen M, Hansen JH, Hedegaard J, Nielsen RO, Panitz F, Bendixen C, Thomsen B. 
MicroRNA identity and abundance in porcine skeletal muscles determined by deep 
sequencing. Animal Genetics 2010; 41:159-168. 
Niemann, H., and C. Wrenzycki. Alterations of expression of developmentally important 
genes in preimplantation bovine embryos by in vitro culture conditions: Implications 
for subsequent development. Theriogenology. 2000; 53: 21-34. 
Oh SY, Ju Y, Park H. A Highly Effective and Long-Lasting Inhibition of miRNAs with 
PNA-Based Antisense. Molecules and Cells 2009; 28:341-345. 
Omtvedt IT, Nelson RE, Edwards RL, Stephens DF, Turman EJ. Influence of Heat Stress 
During Early, Mid and Late Pregnancy of Gilts. Journal of Animal Science 1971; 
32:312-317. 
Orisaka M, Jiang J-Y, Orisaka S, Kotsuji F, Tsang BK. Growth Differentiation Factor 9 
promotes rat preantral follicle growth by up-regulating follicular androgen 
biosynthesis. Endocrinology 2009; 150:2740-2748. 
Park J-Y, Su Y-Q, Ariga M, Law E, Jin S-LC, Conti M. EGF-Like growth factors as 
mediators of LH action in the ovulatory follicle. Science 2004; 303:682-684. 
Park K-W, Cheong H-T, Lai L, Im G-S, Kahholzer B, Bonk A, Samuel M, Rieke A, Day B, 
Murphy C, Carter D, Prather R. Production of nuclear transfer-derived swine that 
express the enhanced green fluorescent protein. Animal Biotechnology, vol. 12: 
Taylor & Francis Ltd; 2001: 173. 
Papadopoulos G, Alexiou P, Maragkakis M, Reczko M, Hatzigeorgiou A. DIANA-mirPath: 
Integrating human and mouse microRNAs in pathways. Bioinformatics 2009; 
25:1991-1993. 
149 
 
Patten, B. M., and B. M. Carlson. 1981. Patten's foundations of embryology. 4th ed. 
McGraw-Hill, New York. 
Paula-Lopes FF, Boelhauve M, Habermann FA, Sinowatz F, Wolf E. Leptin Promotes 
Meiotic progression and developmental capacity of bovine oocytes via cumulus cell-
independent and -dependent mechanisms. Biology of Reproduction 2007; 76:532-
541. 
Paule MR, White RJ. Transcription by RNA polymerases I and III. Nucleic Acids Research 
2000; 28:1283-1298. 
Paulini F, Melo EO. The role of oocyte-secreted factors GDF9 and BMP15 in follicular 
development and oogenesis. Reproduction in Domestic Animals 2011; 46:354-361. 
Perry JS, Heap RB, Amoroso EC. Steroid hormone production by pig blastocysts. Nature 
1973; 245:45-47. 
Perry JS. The mammalian fetal membranes. Journal of Reproduction and Fertility 1981; 
62:321-335. 
Petr  , Urb nkov  D, Tom nek M, Rozinek  ,    lek F. Activation of in vitro matured pig 
oocytes using activators of inositol triphosphate or ryanodine receptors. Animal 
Reproduction Science 2002; 70:235-249. 
Podolska A, Kaczkowski B, Kamp Busk P, SÃ¸kilde R, Litman T, Fredholm M, Cirera S. 
MicroRNA expression profiling of the porcine developing brain. PLoS ONE 2011; 
6:e14494. 
Pond, W. G., W. Snyder, E. F. Walker, B. R. Stillings, and V. Sidwell. Comparative 
Utilization of casein, fish protein concentrate and isolated soybean protein in liquid 
diets for growth of baby pigs.  Journal of Animal Science 1971; 33: 587-591. 
150 
 
Pope WF, First NL. Factors affecting the survival of pig embryos. Theriogenology 1985; 
23:91-105. 
Pope WF. Uterine asynchrony: a cause of embryonic loss. Biology of Reproduction 1988; 
39:999-1003. 
Prather, R. S., P. Sutovsky, and J. A. Green. 2004. Nuclear remodeling and reprogramming 
in transgenic pig production. Experimental Biology and Medicine 229: 1120-1126. 
Pusateri AE, Rothschild MF, Warner CM, Ford SP. Changes in morphology, cell number, 
cell size and cellular estrogen content of individual littermate pig conceptuses on days 
9 to 13 of gestation. . Journal of Animal Science 1990; 68:3727-3735. 
Qi L, Bart J, Tan L, Platteel I, Sluis T, Huitema S, Harms G, Fu L, Hollema H, Berg A. 
Expression of miR-21 and its targets (PTEN, PDCD4, TM1) in flat epithelial atypia 
of the breast in relation to ductal carcinoma in situ and invasive carcinoma. BMC 
Cancer 2009; 9:163. 
Rajewsky N, Socci ND. Computational identification of microRNA targets. Developmental 
Biology 2004; 267:529-535. 
Reddy P, Liu L, Adhikari D, Jagarlamudi K, Rajareddy S, Shen Y, Du C, Tang W, 
Hamalainen T, Peng SL, Lan Z-J, Cooney AJ, et al. Oocyte-specific deletion of Pten 
causes premature activation of the primordial follicle pool. Science 2008; 319:611-
613. 
Reddy A, Zheng Y, Jagadeeswaran G, Macmil S, Graham W, Roe B, DeSilva U, Zhang W, 
Sunkar R. Cloning, characterization and expression analysis of porcine microRNAs. 
BMC Genomics 2009; 10:65. 
151 
 
Reed KL, Blaeser LL, Dantzer V, Green ML, Simmen RC. Control of secretory leukocyte 
protease inhibitor gene expression in the porcine periimplantation endometrium: a 
case of maternal-embryo communication. Biology of Reproduction 1998; 58:448-
457. 
Reese DE, Moser BD, Peo ER, Jr., Lewis AJ, Zimmerman DR, Kinder JE, Stroup WW. 
Influence of energy intake during lactation on the interval from weaning to first estrus 
in sows. Journal of Animal Science 1982; 55:590-598. 
Rodriguez-Martinez H, Saravia F, Wallgren M, Tienthai P, Johannisson A, Vazquez JM, 
Martinez E, Roca J, Sanz L, Calvete JJ. Boar spermatozoa in the oviduct. 
Theriogenology 2005; 63:514-535. 
Ross JW, Ashworth MD, Stein DR, Couture OP, Tuggle CK, Geisert RD. Identification of 
differential gene expression during porcine conceptus rapid trophoblastic elongation 
and attachment to uterine luminal epithelium. Physiological Genomics 2009; 36:140-
148. 
Ross JW, Malayer JR, Ritchey JW, Geisert RD. Characterization of the Interleukin-1beta 
system during porcine trophoblastic elongation and early placental attachment. 
Biology of Reproduction 2003; 69:1251-1259. 
Saini HK, Griffiths-Jones S, Enright AJ. Genomic analysis of human microRNA transcripts. 
Proceedings of the National Academy of Science of the United States 2007; 
104:17719-17724. 
Salvetti NR, Baravalle C, Mira GA, Gimeno EJ, Dallard BE, Rey F, Ortega HH. Heat Shock 
Protein 70 and sex steroid receptors in the follicular structures of induced ovarian 
cysts. Reproduction in Domestic Animals 2009; 44:805-814. 
152 
 
Schoenbeck RA, Peters MS, Rickords LF, Stumpf TT, Prather RS. Characterization of 
deoxyribonucleic acid synthesis and the transition from maternal to embryonic 
control in the 4-cell porcine embryo. Biology of Reproduction 1992; 47:1118-1125. 
Senger PL. Pathways to Pregnancy and Parturition. Pullman, WA: Current Conceptions, Inc.; 
1997. 
Sharbati S, Friedlander M, Sharbati J, Hoeke L, Chen W, Keller A, Stahler P, Rajewsky N, 
Einspanier R. Deciphering the porcine intestinal microRNA transcriptome. BMC 
Genomics 2010; 11:275. 
Shibahara K, Asano M, Ishida Y, Aoki T, Koike T, Honjo T. Isolation of a novel mouse gene 
MA-3 that is induced upon programmed cell death. Gene 1995; 166:297-301. 
Simmen RC, Simmen FA. Regulation of uterine and conceptus secretory activity in the pig. J 
Reproduction and Fertility Supplement 1990; 40:279-292. 
Sirotkin AV, Kacaniova M. The effect of high temperature on swine ovarian function in 
vitro. Veterinarni Medicina 2010; 55:377-382. 
Smith TPL, Fahrenkrug SC, Rohrer GA, Simmen FA, Rexroad CE, Keele JW. Mapping of 
expressed sequence tags from a porcine early embryonic cDNA library. Animal 
Genetics 2001; 32:66-72. 
Soede NM, Nissen AK, Kemp B. Timing of insemination relative to ovulation in pigs: 
Effects on sex ratio of offspring. Theriogenology 2000; 53:1003-1011. 
Sontheimer EJ. Assembly and function of RNA silencing complexes. Nature Reviews 
Molecular Cell Biology 2005; 6:127-138. 
Stroband HW, Van der Lende T. Embryonic and uterine development during pregnancy. 
Journal of Reproduction and Fertility 1990; 40:261-277. 
153 
 
Su L, Zhao S, Zhu M, Yu M. Differential expression of microRNAs in porcine placentas on 
Days 30 and 90 of gestation. Reproduction, Fertility and Development 2010; 
22:1175-1182. 
-Hernando C, Pober JS, Sessa WC. Dicer Dependent microRNAs 
regulate gene expression and functions in human endothelial cells. Circulation 
Research 2007; 100:1164-1173. 
Sun XS, Liu Y, Yue KZ, Ma SF, Tan JH. Changes in germinal vesicle (GV) chromatin 
configurations during growth and maturation of porcine oocytes. Molecular 
Reproduction and Development 2004; 69:228-234. 
Swanson, J. C. Farm animal well-being and intensive production systems.   Journal of 
Animal Science. 1995; 73: 2744-2751. 
Tadros W, Lipshitz HD. Setting the stage for development: mRNA translation and stability 
during oocyte maturation and egg activation in Drosophila. Developmental Dynamics 
2005; 232:593-608. 
Talotta F, Cimmino A, Matarazzo MR, Casalino L, De Vita G, D'Esposito M, Di Lauro R, 
Verde P. An autoregulatory loop mediated by miR-21 and PDCD4 controls the AP-1 
activity in RAS transformation. Oncogene 2008; 28:73-84. 
Tang F, Kaneda M, O'Carroll D, Hajkova P, Barton SC, Sun YA, Lee C, Tarakhovsky A, 
Lao K, Surani MA. Maternal microRNAs are essential for mouse zygotic 
development. Genes & Development 2007; 21:644-648. 
Terasaki M, Campagnola P, Rolls MM, Stein PA, Ellenberg J, Hinkle B, Slepchenko B. A 
New model for nuclear envelope breakdown. Molecular Biology of the Cell 2001; 
12:503-510. 
154 
 
Terasaki M. Redistribution of cytoplasmic components during germinal vesicle breakdown in 
starfish oocytes.  Journal of Cell Science 1994; 107:1797-1805. 
Tienthai P, Johannisson A, Rodriguez-Martinez H. Sperm capacitation in the porcine 
oviduct. Animal Reproduction Science 2004; 80:131-146. 
Tiwari-Woodruff SK, Cox TC. Boar sperm plasma membrane Ca(2+)-selective channels in 
planar lipid bilayers. American Journal of Physiology - Cell Physiology 1995; 
268:C1284-C1294. 
Tseng JK, Tang PC, Ju JC. In vitro thermal stress induces apoptosis and reduces 
development of porcine parthenotes. Theriogenology 2006; 66:1073-1082. 
Tomanek, M., Kopecny V., and Kanka, J.Genome reactivation in developing early pig 
embryos: an ultrastructural and autoradiographic analysis. Anatomy and Embryology 
(Berlin). 1989; 180:309-316. 
Tompkins EC, Heidenreich CJ, Stob M. Effect of post-breeding thermal stress on embryonic 
mortality in swine. Journal of Animal Science 1967; 26:377-380. 
Tumbleson, M. E., O. W. Tinsley, L. A. Corwin, R. E. Flatt, and M. A. Flynn. 1969. Under 
nutrition in young miniature swine. The Journal of Nutrition 99: 505-518. 
Turchinovich A, Weiz L, Langheinz A, Burwinkel B. Characterization of extracellular 
circulating microRNA. Nucleic Acids Research. 
USDA. 2011. Quarterly Hogs and Pigs (June 2011). USDA, National Agricultural Statistics 
Service June 2011. 
USDA-FAS. 2011. Livestock and Poultry: World Markets and Trade.  Accessed 2012. 
155 
 
Vaccari S, Horner K, Mehlmann LM, Conti M. Generation of mouse oocytes defective in 
cAMP synthesis and degradation: Endogenous cyclic AMP is essential for meiotic 
arrest. Developmental Biology 2008; 316:124-134. 
Vallet JL, Freking BA, Miles JR. Effect of empty uterine space on birth intervals and fetal 
and placental development in pigs. Animal Reproduction Science 2011; 125:158-164. 
Vallet JL, Freking BA. Differences in placental structure during gestation associated with 
large and small pig fetuses. Journal of Animal Science 2007; 85:3267-3275. 
Vodicka P., Smetana K., Dvorankova B. ET, Xu Y.Z., Ourednik J., Ourednik V., Motlik J. 
The miniature pig as an animal model in biomedical research. Annals of the New 
York Academy of Sciences 2005; 1049:161-171. 
Vonnahme KA, Wilson ME, Ford SP. Conceptus competition for uterine space: different 
strategies exhibited by the Meishan and Yorkshire pig. Journal of Animal Science 
2002; 80:1311-1316. 
Wang G, Wang Y, Feng W, Wang X, Yang J, Zhao Y, Wang Y, Liu Y. Transcription factor 
and microRNA regulation in androgen-dependent and independent prostate cancer 
cells. BMC Genomics 2008; 9:Suppl 22. 
Wang K, Zhang S, Weber J, Baxter D, Galas DJ. Export of microRNAs and microRNA-
protective protein by mammalian cells. Nucleic Acids Research 2010; 38:7248-7259. 
Wang L, Feng Z, Wang X, Wang X, Zhang X. DEGseq: an R package for identifying 
differentially expressed genes from RNA-seq data. Bioinformatics 2010; 26:136-138. 
Welsh, M. J., C. S. Rogers, D. A. Stoltz, D. K. Meyerholz, and R. S. Prather.  Development 
of a porcine model of cystic fibrosis. Transactions of the American Clinical and 
Climatological Association. 2009; 120: 149-162. 
156 
 
Whitworth KM, Agca C, Kim J-G, Patel RV, Springer GK, Bivens NJ, Forrester LJ, 
Mathialagan N, Green JA, Prather RS. Transcriptional profiling of pig embryogenesis 
by using a 15-K member unigene set specific for pig reproductive tissues and 
embryos. Biology of Reproduction 2005; 72:1437-1451. 
Whyte, J. J., and R. S. Prather. 2011. Genetic modifications of pigs for medicine and 
agriculture. Molecular Reproduction and Development 78: 879-891. 
Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation of the heterochronic gene lin-14 
by lin-4 mediates temporal pattern formation in C. elegans. Cell 1993; 75:855-862. 
Wienholds E, Kloosterman WP, Miska E, Alvarez-Saavedra E, Berezikov E, de Bruijn E, 
Horvitz HR, Kauppinen S, Plasterk RHA. MicroRNA expression in zebrafish 
embryonic development. Science 2005; 309:310-311. 
Wilmink G, Roth C, Ibey B, Ketchum N, Bernhard J, Cerna C, Roach W. Identification of 
microRNAs associated with hyperthermia-induced cellular stress response. Cell 
Stress and Chaperones 2010; 15:1027-1038. 
Wilson ME, Sonstegard TS, Smith TPL, Fahrenkrug SC, Ford SP. Differential gene 
expression during elongation in the preimplantation pig embryo. Genesis 2000; 26:9-
14. 
Wintrobe, M. M., G. E. Cartwright, and C. J. Gubler. Studies on the function and metabolism 
of copper. The Journal of Nutrition. 1953; 50: 395-419. 
Xia J, Ren D. The BSA-induced Ca(2+) influx during sperm capacitation is CATSPER 
channel-dependent. Reproductive Biology and Endocrinology 2009; 7:119. 
Xie S-S, Li X-Y, Liu T, Cao J-H, Zhong Q, Zhao S-H. Discovery of porcine microRNAs in 
multiple tissues by a Solexa Deep Sequencing Approach. PLoS ONE 2011; 6:e16235. 
157 
 
Yang C-X, Du Z-Q, Wright EC, Rothschild MF, Prather RS, Ross JW. Small RNA profile of 
cumulus oocyte complex and early embryos by Deep Sequencing in the pig. 
Submitted for publication. 2012. 
Yang Y, Chaerkady R, Beer MA, Mendell JT, Pandey A. Identification of miR-21 targets in 
breast cancer cells using a quantitative proteomic approach. Proteomics 2009; 
9:1374-1384. 
Yurewicz EC, Pack BA, Sacco AG. Isolation, composition, and biological activity of sugar 
chains of porcine oocyte zona pellucida 55K glycoproteins. Molecular Reproduction 
and Development 1991; 30:126-134. 
Zamore PD, Haley B. Ribo-gnome: the big world of small RNAs. Science 2005; 309:1519-
1524. 
Zhang X, Miao Y-l, Zhao J-G, Spate L, Bennett MW, Murphy CN, Schatten H, Prather RS. 
Porcine oocytes denuded prior to maturation can develop the to the blastocyst stage if 
provided a cumulous cell-derived co-culture system. Journal of Animal Science. 
2009:jas.2009-2714. 
Zhao J, Ross JW, Hao Y, Spate LD, Walters EM, Samuel MS, Rieke A, Murphy CN, Prather 
RS. Significant improvement in cloning efficiency of an inbred miniature pig by 
histone deacetylase inhibitor treatment after somatic cell nuclear transfer. Biology of 
Reproduction 2009; 81:525-530. 
Ziecik AJ, Waclawik A, Kaczmarek MM, Blitek A, Jalali BM, Andronowska A. Mechanisms 
for the establishment of pregnancy in the pig. Reproduction in Domestic Animals 
2011; 46:31-41. 
 
158 
 
 
 
 
 
 
APPENDIX I 
 
 
 
 
 
 
 
 
 
 
 
 
MiRNA expression identified by Ensemble by read greatest to least for each stage of 
conceptus development: D12 spherical, D12 filamentous, and D14 filamentous.  
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MIRNA Sph12 MIRNA Fil12 MIRNA Fil14 
Ensembl ID 
Sum of 
Number 
of reads Ensembl ID 
Sum of 
Number 
of reads Ensembl ID 
Sum of 
Number 
of reads 
ENSSSCG00000019760 4471 ENSSSCG00000019760 6149 ENSSSCG00000019760 16785 
ENSSSCG00000019617 3273 ENSSSCG00000019617 4463 ENSSSCG00000019617 12193 
ENSSSCG00000018340 2788 ENSSSCG00000018340 3868 ENSSSCG00000018340 10572 
ENSSSCG00000018395 2738 ENSSSCG00000018395 3816 ENSSSCG00000018395 10401 
ENSSSCG00000019422 2738 ENSSSCG00000019422 3816 ENSSSCG00000019422 10401 
ENSSSCG00000019642 2735 ENSSSCG00000019642 3718 ENSSSCG00000019642 10129 
ENSSSCG00000019881 2735 ENSSSCG00000019881 3718 ENSSSCG00000019881 10129 
ENSSSCG00000019506 2246 ENSSSCG00000019506 3200 ENSSSCG00000019506 8671 
ENSSSCG00000019115 2232 ENSSSCG00000019115 3169 ENSSSCG00000019115 8612 
ENSSSCG00000018331 2225 ENSSSCG00000018331 3163 ENSSSCG00000018331 8587 
ENSSSCG00000019113 2162 ENSSSCG00000019113 3021 ENSSSCG00000019113 8224 
ENSSSCG00000019564 2140 ENSSSCG00000019729 3006 ENSSSCG00000018279 8147 
ENSSSCG00000019688 2140 ENSSSCG00000018279 2997 ENSSSCG00000019729 8130 
ENSSSCG00000019729 2097 ENSSSCG00000019564 2988 ENSSSCG00000019688 8115 
ENSSSCG00000018279 2091 ENSSSCG00000019688 2988 ENSSSCG00000019564 8114 
ENSSSCG00000018491 2078 ENSSSCG00000019842 2930 ENSSSCG00000018491 7961 
ENSSSCG00000019842 2055 ENSSSCG00000018491 2929 ENSSSCG00000019842 7919 
ENSSSCG00000019880 2023 ENSSSCG00000019880 2894 ENSSSCG00000019880 7866 
ENSSSCG00000019529 2017 ENSSSCG00000019529 2887 ENSSSCG00000019529 7777 
ENSSSCG00000019569 1946 ENSSSCG00000019538 2714 ENSSSCG00000019569 7377 
ENSSSCG00000019444 1945 ENSSSCG00000019569 2713 ENSSSCG00000018317 7365 
ENSSSCG00000019723 1935 ENSSSCG00000018317 2704 ENSSSCG00000019538 7360 
ENSSSCG00000018317 1927 ENSSSCG00000019723 2690 ENSSSCG00000019723 7356 
ENSSSCG00000019538 1906 ENSSSCG00000019444 2650 ENSSSCG00000019444 7243 
ENSSSCG00000019915 1802 ENSSSCG00000019915 2554 ENSSSCG00000019915 6927 
ENSSSCG00000019025 1775 ENSSSCG00000019025 2492 ENSSSCG00000019025 6781 
ENSSSCG00000019837 1686 ENSSSCG00000019837 2430 ENSSSCG00000019837 6553 
ENSSSCG00000018852 1685 ENSSSCG00000019998 2376 ENSSSCG00000019998 6466 
ENSSSCG00000019998 1678 ENSSSCG00000018852 2359 ENSSSCG00000018852 6443 
ENSSSCG00000018614 1644 ENSSSCG00000018614 2304 ENSSSCG00000018614 6277 
ENSSSCG00000019653 1619 ENSSSCG00000018892 2290 ENSSSCG00000019653 6236 
ENSSSCG00000018433 1608 ENSSSCG00000019653 2287 ENSSSCG00000019334 6143 
ENSSSCG00000019477 1608 ENSSSCG00000019334 2281 ENSSSCG00000018892 6133 
ENSSSCG00000019683 1590 ENSSSCG00000019477 2276 ENSSSCG00000019683 6118 
ENSSSCG00000019334 1587 ENSSSCG00000018433 2269 ENSSSCG00000019174 5962 
ENSSSCG00000018954 1583 ENSSSCG00000019683 2246 ENSSSCG00000018410 5956 
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ENSSSCG00000018892 1567 ENSSSCG00000018954 2217 ENSSSCG00000020230 5956 
ENSSSCG00000019174 1516 ENSSSCG00000018410 2208 ENSSSCG00000019477 5836 
ENSSSCG00000018410 1514 ENSSSCG00000020230 2208 ENSSSCG00000018433 5832 
ENSSSCG00000020230 1514 ENSSSCG00000019174 2201 ENSSSCG00000019253 5703 
ENSSSCG00000019253 1454 ENSSSCG00000019253 2118 ENSSSCG00000019922 5612 
ENSSSCG00000019346 1446 ENSSSCG00000019922 2066 ENSSSCG00000019346 5610 
ENSSSCG00000019922 1435 ENSSSCG00000019346 2045 ENSSSCG00000018954 5578 
ENSSSCG00000019758 1412 ENSSSCG00000019758 2016 ENSSSCG00000019758 5472 
ENSSSCG00000018170 1341 ENSSSCG00000018589 1956 ENSSSCG00000018589 5271 
ENSSSCG00000018589 1323 ENSSSCG00000018170 1919 ENSSSCG00000018170 5237 
ENSSSCG00000019197 1095 ENSSSCG00000019197 1609 ENSSSCG00000019197 4363 
ENSSSCG00000020391 936 ENSSSCG00000019347 1306 ENSSSCG00000019347 3677 
ENSSSCG00000019347 904 ENSSSCG00000018683 1215 ENSSSCG00000018683 3246 
ENSSSCG00000019118 812 ENSSSCG00000018782 1212 ENSSSCG00000018782 3214 
ENSSSCG00000018683 796 ENSSSCG00000019118 1162 ENSSSCG00000019118 3181 
ENSSSCG00000018782 795 ENSSSCG00000018507 1135 ENSSSCG00000018507 3108 
ENSSSCG00000018507 770 ENSSSCG00000018751 955 ENSSSCG00000018751 2554 
ENSSSCG00000020511 644 ENSSSCG00000018135 939 ENSSSCG00000018135 2542 
ENSSSCG00000019739 630 ENSSSCG00000019078 856 ENSSSCG00000019078 2288 
ENSSSCG00000018135 627 ENSSSCG00000018662 819 ENSSSCG00000018662 2211 
ENSSSCG00000018751 596 ENSSSCG00000019739 694 ENSSSCG00000020503 1771 
ENSSSCG00000018662 537 ENSSSCG00000018493 596 ENSSSCG00000018493 1608 
ENSSSCG00000019078 517 ENSSSCG00000018151 587 ENSSSCG00000018151 1599 
ENSSSCG00000020153 426 ENSSSCG00000018977 468 ENSSSCG00000020391 1449 
ENSSSCG00000018151 352 ENSSSCG00000019749 461 ENSSSCG00000018977 1268 
ENSSSCG00000019745 330 ENSSSCG00000020391 349 ENSSSCG00000019749 1211 
ENSSSCG00000020503 327 ENSSSCG00000019745 345 ENSSSCG00000020511 930 
ENSSSCG00000018493 309 ENSSSCG00000019905 269 ENSSSCG00000019732 563 
ENSSSCG00000019749 237 ENSSSCG00000020511 237 ENSSSCG00000019832 535 
ENSSSCG00000018977 234 ENSSSCG00000019732 225 ENSSSCG00000020479 532 
ENSSSCG00000019905 232 ENSSSCG00000020503 198 ENSSSCG00000018658 437 
ENSSSCG00000020479 216 ENSSSCG00000019832 195 ENSSSCG00000019371 437 
ENSSSCG00000020418 188 ENSSSCG00000020249 170 ENSSSCG00000019285 426 
ENSSSCG00000020249 187 ENSSSCG00000019260 154 ENSSSCG00000018624 370 
ENSSSCG00000018677 170 ENSSSCG00000019285 149 ENSSSCG00000019260 358 
ENSSSCG00000020540 158 ENSSSCG00000018677 140 ENSSSCG00000020153 341 
ENSSSCG00000019832 142 ENSSSCG00000018658 133 ENSSSCG00000019739 300 
ENSSSCG00000019189 134 ENSSSCG00000019371 133 ENSSSCG00000020540 282 
ENSSSCG00000020271 132 ENSSSCG00000019189 130 ENSSSCG00000020418 272 
ENSSSCG00000020496 127 ENSSSCG00000020153 130 ENSSSCG00000019060 267 
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ENSSSCG00000018658 103 ENSSSCG00000018624 128 ENSSSCG00000019610 267 
ENSSSCG00000019371 103 ENSSSCG00000020479 127 ENSSSCG00000020249 258 
ENSSSCG00000018516 99 ENSSSCG00000019060 111 ENSSSCG00000020271 184 
ENSSSCG00000019285 86 ENSSSCG00000019610 111 ENSSSCG00000020496 174 
ENSSSCG00000019732 86 ENSSSCG00000020418 98 ENSSSCG00000019745 141 
ENSSSCG00000018624 81 ENSSSCG00000018516 88 ENSSSCG00000019216 126 
ENSSSCG00000019060 79 ENSSSCG00000020540 81 ENSSSCG00000019905 107 
ENSSSCG00000019610 79 ENSSSCG00000019091 70 ENSSSCG00000018097 106 
ENSSSCG00000019260 77 ENSSSCG00000020271 66 ENSSSCG00000018228 94 
ENSSSCG00000020136 76 ENSSSCG00000019216 54 ENSSSCG00000020556 80 
ENSSSCG00000018276 69 ENSSSCG00000018276 44 ENSSSCG00000018735 75 
ENSSSCG00000019091 67 ENSSSCG00000020236 42 ENSSSCG00000019091 73 
ENSSSCG00000020236 63 ENSSSCG00000018228 36 ENSSSCG00000019189 68 
ENSSSCG00000019495 51 ENSSSCG00000020496 36 ENSSSCG00000018684 52 
ENSSSCG00000020143 40 ENSSSCG00000018097 33 ENSSSCG00000020136 50 
ENSSSCG00000020282 30 ENSSSCG00000020143 26 ENSSSCG00000018677 44 
ENSSSCG00000018097 27 ENSSSCG00000018684 21 ENSSSCG00000018276 42 
ENSSSCG00000018628 26 ENSSSCG00000020136 20 ENSSSCG00000020143 38 
ENSSSCG00000019216 25 ENSSSCG00000018555 17 ENSSSCG00000018487 36 
ENSSSCG00000018228 23 ENSSSCG00000018487 15 ENSSSCG00000019012 36 
ENSSSCG00000019662 21 ENSSSCG00000018676 14 ENSSSCG00000020236 35 
ENSSSCG00000018454 19 ENSSSCG00000018175 13 ENSSSCG00000019482 32 
ENSSSCG00000020127 19 ENSSSCG00000020282 13 ENSSSCG00000018555 31 
ENSSSCG00000019386 17 ENSSSCG00000018701 12 ENSSSCG00000018516 25 
ENSSSCG00000020506 15 ENSSSCG00000019902 12 ENSSSCG00000018701 25 
ENSSSCG00000018487 14 ENSSSCG00000019535 11 ENSSSCG00000020550 24 
ENSSSCG00000018684 14 ENSSSCG00000018820 10 ENSSSCG00000020282 22 
ENSSSCG00000020550 13 ENSSSCG00000019495 10 ENSSSCG00000019902 16 
ENSSSCG00000020556 12 ENSSSCG00000019546 10 ENSSSCG00000018676 14 
ENSSSCG00000018175 11 ENSSSCG00000019700 10 ENSSSCG00000019535 14 
ENSSSCG00000019482 11 ENSSSCG00000020550 10 ENSSSCG00000019662 14 
ENSSSCG00000018735 10 ENSSSCG00000018454 9 ENSSSCG00000018175 13 
ENSSSCG00000019700 10 ENSSSCG00000019386 9 ENSSSCG00000020536 13 
ENSSSCG00000020475 10 ENSSSCG00000019482 9 ENSSSCG00000018757 12 
ENSSSCG00000018474 9 ENSSSCG00000018437 7 ENSSSCG00000019050 12 
ENSSSCG00000020536 9 ENSSSCG00000018559 7 ENSSSCG00000019456 11 
ENSSSCG00000019535 8 ENSSSCG00000019662 7 ENSSSCG00000020031 11 
ENSSSCG00000019895 8 ENSSSCG00000019897 7 ENSSSCG00000018214 9 
ENSSSCG00000018359 7 ENSSSCG00000020536 7 ENSSSCG00000018454 9 
ENSSSCG00000018555 7 ENSSSCG00000018444 5 ENSSSCG00000020506 9 
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ENSSSCG00000018701 7 ENSSSCG00000018617 5 ENSSSCG00000018125 8 
ENSSSCG00000019823 6 ENSSSCG00000018757 5 ENSSSCG00000018712 8 
ENSSSCG00000018820 5 ENSSSCG00000018827 5 ENSSSCG00000019178 8 
ENSSSCG00000019337 5 ENSSSCG00000019021 5 ENSSSCG00000019218 8 
ENSSSCG00000019546 5 ENSSSCG00000019121 5 ENSSSCG00000019484 8 
ENSSSCG00000019734 5 ENSSSCG00000019431 5 ENSSSCG00000019546 8 
ENSSSCG00000019902 5 ENSSSCG00000020556 5 ENSSSCG00000020127 8 
ENSSSCG00000018200 4 ENSSSCG00000018643 4 ENSSSCG00000018474 7 
ENSSSCG00000018886 4 ENSSSCG00000018681 4 ENSSSCG00000019341 7 
ENSSSCG00000019673 4 ENSSSCG00000019157 4 ENSSSCG00000020120 7 
ENSSSCG00000018444 3 ENSSSCG00000019740 4 ENSSSCG00000020646 7 
ENSSSCG00000018705 3 ENSSSCG00000018131 3 ENSSSCG00000018437 6 
ENSSSCG00000018739 3 ENSSSCG00000018474 3 ENSSSCG00000018559 6 
ENSSSCG00000018757 3 ENSSSCG00000018657 3 ENSSSCG00000019700 6 
ENSSSCG00000019020 3 ENSSSCG00000018735 3 ENSSSCG00000020475 6 
ENSSSCG00000019021 3 ENSSSCG00000018927 3 ENSSSCG00000020533 6 
ENSSSCG00000019083 3 ENSSSCG00000019083 3 ENSSSCG00000018444 5 
ENSSSCG00000019192 3 ENSSSCG00000019162 3 ENSSSCG00000018566 5 
ENSSSCG00000019218 3 ENSSSCG00000019337 3 ENSSSCG00000019162 5 
ENSSSCG00000019281 3 ENSSSCG00000019341 3 ENSSSCG00000019306 5 
ENSSSCG00000019740 3 ENSSSCG00000019363 3 ENSSSCG00000019354 5 
ENSSSCG00000018214 2 ENSSSCG00000019734 3 ENSSSCG00000020449 5 
ENSSSCG00000018257 2 ENSSSCG00000019808 3 ENSSSCG00000018162 4 
ENSSSCG00000018319 2 ENSSSCG00000019827 3 ENSSSCG00000018657 4 
ENSSSCG00000018394 2 ENSSSCG00000019835 3 ENSSSCG00000018886 4 
ENSSSCG00000018566 2 ENSSSCG00000019935 3 ENSSSCG00000019157 4 
ENSSSCG00000018643 2 ENSSSCG00000020276 3 ENSSSCG00000019270 4 
ENSSSCG00000018816 2 ENSSSCG00000020475 3 ENSSSCG00000019281 4 
ENSSSCG00000018912 2 ENSSSCG00000020506 3 ENSSSCG00000019684 4 
ENSSSCG00000018927 2 ENSSSCG00000020577 3 ENSSSCG00000019808 4 
ENSSSCG00000018984 2 ENSSSCG00000018206 2 ENSSSCG00000020376 4 
ENSSSCG00000019027 2 ENSSSCG00000018567 2 ENSSSCG00000018131 3 
ENSSSCG00000019035 2 ENSSSCG00000018628 2 ENSSSCG00000018739 3 
ENSSSCG00000019178 2 ENSSSCG00000018644 2 ENSSSCG00000019021 3 
ENSSSCG00000019341 2 ENSSSCG00000018834 2 ENSSSCG00000019663 3 
ENSSSCG00000019370 2 ENSSSCG00000018914 2 ENSSSCG00000019740 3 
ENSSSCG00000019389 2 ENSSSCG00000018952 2 ENSSSCG00000019839 3 
ENSSSCG00000019456 2 ENSSSCG00000019020 2 ENSSSCG00000019883 3 
ENSSSCG00000019457 2 ENSSSCG00000019079 2 ENSSSCG00000019895 3 
ENSSSCG00000019500 2 ENSSSCG00000019456 2 ENSSSCG00000019897 3 
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ENSSSCG00000019530 2 ENSSSCG00000019486 2 ENSSSCG00000018173 2 
ENSSSCG00000019685 2 ENSSSCG00000019542 2 ENSSSCG00000018324 2 
ENSSSCG00000019698 2 ENSSSCG00000019548 2 ENSSSCG00000018360 2 
ENSSSCG00000019835 2 ENSSSCG00000019685 2 ENSSSCG00000018617 2 
ENSSSCG00000019861 2 ENSSSCG00000019698 2 ENSSSCG00000018681 2 
ENSSSCG00000019868 2 ENSSSCG00000019883 2 ENSSSCG00000018820 2 
ENSSSCG00000020031 2 ENSSSCG00000019899 2 ENSSSCG00000018834 2 
ENSSSCG00000020552 2 ENSSSCG00000020031 2 ENSSSCG00000018841 2 
ENSSSCG00000018125 1 ENSSSCG00000020293 2 ENSSSCG00000018859 2 
ENSSSCG00000018127 1 ENSSSCG00000018109 1 ENSSSCG00000018912 2 
ENSSSCG00000018132 1 ENSSSCG00000018125 1 ENSSSCG00000018927 2 
ENSSSCG00000018147 1 ENSSSCG00000018132 1 ENSSSCG00000018983 2 
ENSSSCG00000018162 1 ENSSSCG00000018162 1 ENSSSCG00000019034 2 
ENSSSCG00000018164 1 ENSSSCG00000018173 1 ENSSSCG00000019035 2 
ENSSSCG00000018204 1 ENSSSCG00000018193 1 ENSSSCG00000019061 2 
ENSSSCG00000018206 1 ENSSSCG00000018204 1 ENSSSCG00000019121 2 
ENSSSCG00000018275 1 ENSSSCG00000018207 1 ENSSSCG00000019163 2 
ENSSSCG00000018296 1 ENSSSCG00000018210 1 ENSSSCG00000019206 2 
ENSSSCG00000018306 1 ENSSSCG00000018214 1 ENSSSCG00000019276 2 
ENSSSCG00000018349 1 ENSSSCG00000018235 1 ENSSSCG00000019328 2 
ENSSSCG00000018414 1 ENSSSCG00000018264 1 ENSSSCG00000019337 2 
ENSSSCG00000018419 1 ENSSSCG00000018271 1 ENSSSCG00000019500 2 
ENSSSCG00000018469 1 ENSSSCG00000018299 1 ENSSSCG00000019520 2 
ENSSSCG00000018497 1 ENSSSCG00000018346 1 ENSSSCG00000019673 2 
ENSSSCG00000018520 1 ENSSSCG00000018370 1 ENSSSCG00000019685 2 
ENSSSCG00000018567 1 ENSSSCG00000018394 1 ENSSSCG00000019698 2 
ENSSSCG00000018570 1 ENSSSCG00000018420 1 ENSSSCG00000019734 2 
ENSSSCG00000018617 1 ENSSSCG00000018566 1 ENSSSCG00000019823 2 
ENSSSCG00000018618 1 ENSSSCG00000018568 1 ENSSSCG00000019857 2 
ENSSSCG00000018657 1 ENSSSCG00000018694 1 ENSSSCG00000019861 2 
ENSSSCG00000018676 1 ENSSSCG00000018702 1 ENSSSCG00000019899 2 
ENSSSCG00000018681 1 ENSSSCG00000018705 1 ENSSSCG00000019941 2 
ENSSSCG00000018712 1 ENSSSCG00000018712 1 ENSSSCG00000018103 1 
ENSSSCG00000018753 1 ENSSSCG00000018739 1 ENSSSCG00000018108 1 
ENSSSCG00000018754 1 ENSSSCG00000018793 1 ENSSSCG00000018160 1 
ENSSSCG00000018826 1 ENSSSCG00000018806 1 ENSSSCG00000018186 1 
ENSSSCG00000018888 1 ENSSSCG00000018817 1 ENSSSCG00000018204 1 
ENSSSCG00000018914 1 ENSSSCG00000018841 1 ENSSSCG00000018207 1 
ENSSSCG00000018916 1 ENSSSCG00000018886 1 ENSSSCG00000018264 1 
ENSSSCG00000018952 1 ENSSSCG00000018983 1 ENSSSCG00000018294 1 
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ENSSSCG00000019005 1 ENSSSCG00000018999 1 ENSSSCG00000018319 1 
ENSSSCG00000019053 1 ENSSSCG00000019031 1 ENSSSCG00000018338 1 
ENSSSCG00000019068 1 ENSSSCG00000019035 1 ENSSSCG00000018359 1 
ENSSSCG00000019079 1 ENSSSCG00000019038 1 ENSSSCG00000018371 1 
ENSSSCG00000019090 1 ENSSSCG00000019050 1 ENSSSCG00000018394 1 
ENSSSCG00000019098 1 ENSSSCG00000019053 1 ENSSSCG00000018452 1 
ENSSSCG00000019121 1 ENSSSCG00000019070 1 ENSSSCG00000018453 1 
ENSSSCG00000019141 1 ENSSSCG00000019098 1 ENSSSCG00000018457 1 
ENSSSCG00000019157 1 ENSSSCG00000019138 1 ENSSSCG00000018468 1 
ENSSSCG00000019162 1 ENSSSCG00000019141 1 ENSSSCG00000018520 1 
ENSSSCG00000019163 1 ENSSSCG00000019146 1 ENSSSCG00000018567 1 
ENSSSCG00000019166 1 ENSSSCG00000019154 1 ENSSSCG00000018628 1 
ENSSSCG00000019211 1 ENSSSCG00000019259 1 ENSSSCG00000018643 1 
ENSSSCG00000019235 1 ENSSSCG00000019276 1 ENSSSCG00000018695 1 
ENSSSCG00000019240 1 ENSSSCG00000019281 1 ENSSSCG00000018734 1 
ENSSSCG00000019306 1 ENSSSCG00000019306 1 ENSSSCG00000018914 1 
ENSSSCG00000019321 1 ENSSSCG00000019314 1 ENSSSCG00000018965 1 
ENSSSCG00000019366 1 ENSSSCG00000019364 1 ENSSSCG00000018994 1 
ENSSSCG00000019401 1 ENSSSCG00000019404 1 ENSSSCG00000019009 1 
ENSSSCG00000019404 1 ENSSSCG00000019439 1 ENSSSCG00000019020 1 
ENSSSCG00000019405 1 ENSSSCG00000019484 1 ENSSSCG00000019027 1 
ENSSSCG00000019484 1 ENSSSCG00000019494 1 ENSSSCG00000019067 1 
ENSSSCG00000019486 1 ENSSSCG00000019503 1 ENSSSCG00000019146 1 
ENSSSCG00000019503 1 ENSSSCG00000019505 1 ENSSSCG00000019192 1 
ENSSSCG00000019558 1 ENSSSCG00000019516 1 ENSSSCG00000019231 1 
ENSSSCG00000019713 1 ENSSSCG00000019520 1 ENSSSCG00000019275 1 
ENSSSCG00000019719 1 ENSSSCG00000019521 1 ENSSSCG00000019363 1 
ENSSSCG00000019751 1 ENSSSCG00000019541 1 ENSSSCG00000019370 1 
ENSSSCG00000019812 1 ENSSSCG00000019663 1 ENSSSCG00000019389 1 
ENSSSCG00000019827 1 ENSSSCG00000019673 1 ENSSSCG00000019466 1 
ENSSSCG00000019839 1 ENSSSCG00000019680 1 ENSSSCG00000019493 1 
ENSSSCG00000019840 1 ENSSSCG00000019684 1 ENSSSCG00000019521 1 
ENSSSCG00000019884 1 ENSSSCG00000019748 1 ENSSSCG00000019542 1 
ENSSSCG00000019888 1 ENSSSCG00000019771 1 ENSSSCG00000019548 1 
ENSSSCG00000019897 1 ENSSSCG00000019820 1 ENSSSCG00000019558 1 
ENSSSCG00000019899 1 ENSSSCG00000019823 1 ENSSSCG00000019572 1 
ENSSSCG00000020178 1 ENSSSCG00000019834 1 ENSSSCG00000019593 1 
ENSSSCG00000020276 1 ENSSSCG00000019840 1 ENSSSCG00000019605 1 
ENSSSCG00000020376 1 ENSSSCG00000019857 1 ENSSSCG00000019722 1 
ENSSSCG00000020401 1 ENSSSCG00000019861 1 ENSSSCG00000019727 1 
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ENSSSCG00000020410 1 ENSSSCG00000019865 1 ENSSSCG00000019797 1 
ENSSSCG00000020437 1 ENSSSCG00000019872 1 ENSSSCG00000019798 1 
ENSSSCG00000020545 1 ENSSSCG00000019879 1 ENSSSCG00000019820 1 
ENSSSCG00000020577 1 ENSSSCG00000019888 1 ENSSSCG00000019827 1 
ENSSSCG00000020618 1 ENSSSCG00000019895 1 ENSSSCG00000019872 1 
Grand Total 106338 ENSSSCG00000019909 1 ENSSSCG00000019873 1 
  
ENSSSCG00000019981 1 ENSSSCG00000019875 1 
  
ENSSSCG00000020014 1 ENSSSCG00000019888 1 
  
ENSSSCG00000020015 1 ENSSSCG00000019909 1 
  
ENSSSCG00000020033 1 ENSSSCG00000019923 1 
  
ENSSSCG00000020259 1 ENSSSCG00000019935 1 
  
ENSSSCG00000020292 1 ENSSSCG00000019953 1 
  
ENSSSCG00000020327 1 ENSSSCG00000019987 1 
  
ENSSSCG00000020401 1 ENSSSCG00000020014 1 
  
ENSSSCG00000020440 1 ENSSSCG00000020036 1 
  
ENSSSCG00000020449 1 ENSSSCG00000020276 1 
  
ENSSSCG00000020502 1 ENSSSCG00000020316 1 
  
ENSSSCG00000020533 1 ENSSSCG00000020361 1 
  
Grand Total 146931 ENSSSCG00000020499 1 
    
ENSSSCG00000020577 1 
    
Grand Total 395617 
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APPENDIX II. 
Protocol for In Vitro Production of Porcine Embryos  
Prepare in vitro maturation medium  
1.) Place 5 mL TCM -199 (basic medium) into a 15 mL and add 0.007 g cysteine (5x stock) 
2.) Add 1mL from step (1) to 19 mL of TCM -199 medium 
a. Add 20 µL of EGF (epidermal growth factor) final concentration 10 ng/mL 
b. Add 5 µL of FSH and LH to each well – final concentration 0.5 μg/mL (stock 
100x) 
c. Maturation plates only – add enough mineral oil to cover top surface of media 
3.) Place plates in incubator at least 3 h prior to balance the atmosphere 
4.) Ovaries should arrive in a container at 37º C 
a. Rinse ovaries 3 x in 0.9% saline with antibiotics (gentamicin 250 mg/L) 
b. 18 gauge needle and 10 mL syringe  
i. Place open end of needle below the follicle (3 to 6 mm antral follicle) put 
vacuum pressure on syringe until follicle deflates 
ii. Place collected follicular fluid in 50 mL tube 
iii. After all ovaries have been aspirated allow fluid to settle in incubator ~ 
10 min  
iv. Pour off excess fluid and rinse oocytes with PVA-TL-Hepes 2 x waiting 
10 min between so oocytes can settle in the bottom of the tube 
v. Divide pellet at the base of the tube between several plates for searching 
vi. Optimum oocytes will have  several layers of cumulus cells surrounding 
the entire oocyte and be dark in color (cumulus-oocyte complex - COC) 
vii. Transfer all COC to each well of the wash plate  
viii. Transfer 50 to 70 COC to each well of the maturation plate 
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ix. Incubate 42 to 44 h at 39 ºC. 5% CO2 in air. 
 
5.) Oocyte denuding  
a. Place all oocytes in 1 mL tube of hyaluronidase (1 mg/mL) to remove cumulus 
cell layers. 
b. Vortex at medium speed (3-5) for 4 min. 
c. Repeat as needed. 
6.) MII oocyte collection  
a. Maturing oocytes will develop a polar body on one side of the cytoplasm.  
b. Collect these oocytes for fertilization or parthenogenesis. 
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APPENDIX III. 
Western Blot 
1.) Sample preparation 
2.) Add SDS 5x =2.5 µL to each sample add water until total volume of sample is 13µL and 
mix by pipet 
3.) Heat samples to 95°C for 4 minutes then ice for 1 minute 
4.) Centrifuge 10,000 rpm for 1 min at RT 
5.)  
6.) Assemble gel apparatus and add running buffer between plates to check for leakage. If 
only one gel use spacer wrapped multiple times (3x) with parafilm. 
7.) Load gel (premade) 
8.) Ladder 10 µL first well then 5 µL of chemi ladder + 5µ L SDS buffer  to second well 
followed by samples 13 µL each 
9.) Run 30 minutes at 60 volts 
10.) Run up to 90 minutes at 120 volts watch for color to reach the base of the gel. 
 
11.) Transfer- wet all materials with transfer buffer before assembling and roll out bubbles at 
each step.  Cut filter paper and membrane to size of gel and cut top right corner of 
membrane to indicate direction of gel. 
 
12.) Sponge 
13.) Whatman filter paper 
14.) Membrane 
15.) Gel 
16.) Whatman filter paper 
17.) Sponge 
18.) Black holder 
 
 
19.) Add buffer to bucket  until half full insert loading apparatus into holder and place ice 
block behind loading block.  Fill to top place lid on top securely. 
20.) Run at 4°C  100 volts for 1 hour 
21.) Wash PBS if needed 
22.) Block for 1 hr with 5% milk at RT or 4°C overnight 
23.) Wash with PBST 
24.) Add first antibody PBST 0.5% milk on shaker at 4°C overnight 
25.) Was 3x PBST for 10 minutes each 
26.) Add 2nd Antibody in PBST 0.5% milk + 1µL S-Protein for chemi ladder RT for 1 hr 
27.) Wash 3 x PBST 10 minutes each 
28.) Wash ECL (made fresh 1:1 of each chemical) 1 to 1.5 minute in the dark. drain off excess 
but do not wipe off.  Wrap in cling wrap and image immediately. 
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APPENDIX IV. 
Tunnel Assay 
Four to eight cell embryos collected at 60 hrs post activation were used to determine 
the influence of miR21 on viable blastomeres within an early developing embryo.  In Situ 
Cell Death Detection Kit, Fluorescein by Roche was used to detect and quantify apoptosis 
(programmed cell death) within each blastomere of the early embryos.  Embryos (n=5) were 
obtained at 60 hrs of development for all treatments (control, negative control, and MiR 21 
inhibitor 1.0 nM) and selected for uniform holoblastic cleavage.   Embryos were placed in 
4% paraformaldehyde, freshly prepared overnight, washed in PBS 30 minutes followed by 
incubation in 0.1% Triton X-100, 0.1% sodium citrate for 2 minutes on ice.  TUNEL reaction 
was prepared as instructed by Roche.  Embryos were washed twice in PBS and resuspended 
in TUNEL reaction mixture at 37°C for 60 minutes in a dark, humidified incubation 
chamber.  Embryos were then washed twice with PBS and plated on slides with DAPI for 
nuclear staining.  Wavelength was detected at 515-565 nm (green) for TUNEL and 340-380 
nm (blue) for DAPI.  Images were overlaid and nuclei were counted to determine total cell 
count within an embryo and total cell death within an embryo. 
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APPENDIX V. 
Immunostaining for oocytes and early embryos 
1. 4% paraformaldehyde overnight at 4°C  
2. 0.5% triton X-100 in DPBS 30 minutes at RT 
3. 3% BSA in DPBS 45 minutes at RT 
4. First antibody in 3% BSA at 4°C overnight 
5. 0.05% PBST wash 2x 3 minutes 
6. Second antibody 3% BSA Alexa 674 Anti-rabbit 1:250 RT for 1 hour 
7. 0.05% PBST wash 2x 30 minutes 
8. 2% paraformaldehyde for 10 minutes at RT 
9. 0.05% PBST wash 
10. Mount with Dapi anti-fade 
Use 16 well plate and wash as follows Steps 8 and 9 will need to be in a new plate (4 well is 
fine) 
 
 
2 3 4 5 5 6 7 7 8 9 
          
          
          
 
  
171 
 
APPENDIX VI. 
In situ hybridization of ovary sections 
Deparaffinized 
1. 2x wash xylene or citrosol, 5 min each 
2. Hydrate in 2 changes of 100% ethanol for 3 minutes 
3. 95% and 80% ethanol for 1 minute 
4. Rinse in distilled water 
Preheat citrate buffer at 95°C 
5. Immerse slides in buffer for 20-40 min 
6. Allow to cool to room temp 
7. Block for 30 min 5% BSA (for hybridization skip to Hybridization section below) 
8. Incubate sections in primary antibody at 4°C  overnight 
9. Wash 3x PBS, 10 min each 
10. Incubate 1 hr in dark with secondary antibody in 5% BSA 
11. Wash 3x PBS for 10 min each 
12. Mount with DAPI anti-fade and seal cover slip with nail polish 
Hybridization 
1. Warm hybrid solution to 50-70 °C probe specific, place slide in for 1 hr 
2. Add probe overnight at hybrid temp 
3. Washes: 50% hybridization solution/2x SSC at 60°C for 10 min 2x 
4. 2x SSC for 10 min 3x 
5. 0.2x SSC/25% PBST at RT for 10 min 3x 
6. 0.2x SSC/50% PBST at RT for 10 min 3x 
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7. 0.2x SSC/75% PBST at RT for 10 min 3x 
8. PBST at RT for 10 min 3x 
9. Add DAPI and place slide cover over 
10. Seal edge with nail polish 
Hybridization solution (Hyb+) 
 50-65% Formamide 
 5x SSC 
 0.1% Tween 20 
 Adjust the pH to 6.0 with citric acid 
 50 µg/mL Heparin 
 1 mg/mL tRNA 
Prepare the hybridization mix with the appropriate stringency (20mL) 
      50%  60%  65% 
Formamide (freshly de-ionized)  10mL  12mL  13mL 
20x SSC     5mL  5mL  5mL 
20% Tween 20    100µL  100 µL 100 µL 
1M citric acid    184 µL 184 µL 184 µL 
5mg.mL Heparin    200 µL 200 µL 200 µL 
50mg/mL tRNA    200 µL 200 µL 200 µL 
H2O     4.3mL  2.3mL  1.3mL 
